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I.     Summary 

A major problem in evaluating M8 vs. n^ as an earthquake-explosion 

discriminant is the question of what characterizes earthquake source 

time histories. A major controversy in seismology is whether P- and S- 

wave source histories are different for individual events. This difference 

is suggested by spectral estimates of thn corner frequencies for P- and 

S-waves for a variety of observed earthquakes. 

Sections V and III address the problem of seismic source time 

histories using two different approaches.  The first uses volume 

source models of tectonic release and obtains numerically their P- 

and S-wave spectra which for these models show a difference in the P- 

and S-wave corner frequencies. The second approach is to obtain the 

earthquake P-wave source history from comparison of theoretical and 

observed selsmograms.  This history is then used as the S-wave history 

to obtain theoretical selsmograms which are compared with S-wave obser- 

vations of the same events.  Some of these comparisons are shown in 

Figure 1. 

Section V discusses with numerical examples the source spectra for 

two relaxation volume source models, one representing the tectonic 

release associated with underground explosions and the other a model 

of earthquakes associated with a unilateral propagating rupture in a 

tectonic region.  The azimuthal dependence of the source radiation fields 

is discussed as a function of frequency, both on the basis of selected 

amplitude spectra and of selected radiation patterns.  Phase spectra 

are shown which illustrate the complexity of the radiated fields.  Scaling 

laws are given and numerically demonstrated for the different P- and S- 

wave spectral corner frequencies.  The difficulties involved with deter- 

mining these corner frequencies from the amplitude spectra is also 

discussed. 

Simulated M8 vs. n^ curves are determined from the source spectra 

and discussed in terms of scaling by the various source parameters. 

See, for example. Figure 2.  Effective upper limits to * and M are 

shown. s 

finally, theoretical spectrum and selsmograms are compared with 

-■ - --^   -   - .^i^^Mfl 
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observations of the Harris Ranch earthquake of 27 October 1969 in order 

to estimate its source parameters. The difference between assuming an 

infinite versus finite tectonic region is shown in the frequency and 

time domain.  The amplitude spectrum and seismogram data both suggest 

a finite tectonic release region for this event. 

In section III, telesef.smic P- and S-wave arrivals from three 

deep focus earthquakes of roughly magnitude 6 are analyzed for differences 

in their respective source time histories.  The earthquakes and distances 

are chosen in order to minimize the effects of near surface structure. 

The signals are analyzed in the time domain so that information about 

the sequence and duration of the transient pulses are preserved. The 

source time history derived from the P-waves is used to predict syn- 

thetic S-wave shapes that match the observations»  The good agreement 

(see Figure 1) implies that the P- and S-wave source time histories for 

each event are essentially the same with no significant difference in 

P- and S-wave spectral corner frequencies.  This is in contrast to the 

Wyss and Molnar (1972) study which indicates a difference In the spectral 

corner frequencies of P and S for highly similar data.  Providing that 

both analyses are correct, this indicates that the corner frequency 

difference is only weakly constrained by the original time data and 

raises the possibility that the difference is an artifact of the datn 

processing.  The occurrence of a strong PL phase in the Western brazil 

S-waves demonstrates that even for deep focus earthquakes at ranges 

greater than 50°, crustal structure can distort the wave shape and 

consequently its Fourier spectrum.  Future studies on source histories 

in either the frequency or time domain should be coupled with a careful 

examination of the seismograms to screen out data contaminated by later 

arrivals such as PL. 

Since knowledge of the crustal structure is essential in determining 

explosion and earthquake source function", section IV demonstrates a 

method of using amplitudes and arrival times of body waves and Rayleigh 

waves from NTS events to determine an average crustal model from NTS 

to mid-Arizona.  A comparison of synthetic with observed body waves 

using previous refraction studies as a starting P-wave structure was 

used ar a compressional velocity constraint for the lower part of the 

crust.  Since the observed Rayleigh waves were sampling approximately 

- - - — 
J 
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the upper 20 km of crust, analysis of the Rayleigh waves from NTS events 

was used to determine the average shear structure for the upper part of 

the crust along the profile. Two velocity and density structures are 

found which fit the Rayleigh and body wave data equally well. A typical 

example of the agreement between theoretical and observed wave forms 

is shown in Figure 3 for the BOXCAR event. 

We now have powerful capabilities to determine source and path 

properties in both the time and frequency domain for both body waves 

and surface waves.  These techniques have been spelled out in a series 

of papers and technical reports by Helmberger, Harkrider, and their 

colleagues. Generalizations of both dislocation and relaxation source 

models are presently being implemented by these investigators and alio 

by Kanamori. 

 -  
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A = 293 km 
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Fig. 3.  Synthetic and observed Rayleigh waves from BOXCAR. 
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II.     ABSTRACTS  OF PUBLICATIONS  AND REPORTS 

DURING  THIS  CONTRACT  FJRIOD. 
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Mitchell, B. J., "Surface Wave Attenuation and Crustal Anelasticity in 
Central North America," Seismol. Soc. America Bull., ^3, 1057-1071, 1973. 

The southeastern Missouri earthquake of October 21, 196A generated 
fundamental- and higher-mode Love and Rayleigh waves which were recorded 
at numerous North American stations.  Lova-wa^e amplitude radiation 
patterns were determined and found to be ".onsxstent with theoretical 
patterns predicted by a fault-plane solution previously inferred from 
Payleigh-wave data. 

The radiation patterns wei-; u ad to estimate the source spectrum and 
values for Love-wave attenuation coefficients for the mid-continent of 
North America by a least-squares iterative process.  The source spectrum 
derived from Love-wave amplitudes exhibits a peak at periods between 5 
and 9 sec and decreases to a lower DC level at longer periods, in agree- 
ment with the source spectrum determined previously for Rayleigh waves. 
The Love-wave attenuation coefficients decrease rapidly from about 0.0018 km 
at a period of 4 sec to about 0.0001 km at a period of 20 sec. At periods 
between 20 and 40 sec the values seem to remain nearly constant. 

The crust in the mid-continent of North America is characterized by 
relatively low QR values, 75 to 300, in its upper portion. At depths 
between 15 and 20 km, Qg increases sharply and decreases again at greater 
depths.  The decrease can be explained as being due to increasing tempera- 
ture in a homogeneous material, but the sharp increase requires a change 
in the chemical constitution of the material at mid-crustal depths. 

Kurita, T., "Regional Variations in the Structure of the Crust in the 
Central United States from P Wave Spectra," Seismol. Soc. America Bull., 
63, 3 663-1687, 1973. 

Regional variations in the crustal structure in the cfntral United 
States has been inferred from the complex transfer ratij of long period 
P waves recorded at four WWSSN stations, SHA, OXF, FLO, and MDS. The 
crustal structure in this region is approximated by a stack of horizontal 
parallel layers except possibly the area around FLO where the structure 
is rather complicated.  Deep discontinuities in the crust may possibly 
be replaced by transitional layers up to 10 km thick.  The depth to the 
MOHO is about 33 km near the Culf of Mexico, deepens to about 41 km near 
the intersection of the Gulf Coastal Plain and the Interior Plain, reaches 
about 47 km or more in the midst of the Interior Plain, and rises to about 
41 km toward the intersection of the Interior Plain and the Superior Upland. 
The thickness of the silicic upper crust, having a velocity of about 6.0 
to 6.5 km/sec in each of the regions above is about 15, 30, 35, and 30 ktfl 
respectively, whereas the thickness of the mafic lower crust is about 10 
km throughout the entire region.  The velocity of the lower crust is about 
6.9 to 7.0 km/sec except probably for the area around FLO where about 
7.4 km/sec velocity is more likely.  The existence of a near-surface layer 
with a velocity of about 4.7 to 5.4 km/aec and having a thickness of 1 to 
3 km is a prevailing feature. A sedimentary layer with a velocity of about 
3.0 km/sec and having a thickness of about 3 km on the Gulf of Mexico is 
confined to the Gulf Coastal Plain and tapering out to the north.  When 

■■-  
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two or more crustal models are appropriate for a limited region, the 
cruttal effect may be eliminated from observed spectra with sufficient 
accuracy by assuming either of the models. 

Niazi, Mansour, "SH Travel-Times and Lateral Heterogeneities in the 
Lower Mantle," Seismol. Soc. America Bull., 63, 2035-2046, 1973. 

The horizontal long period seismograms of two shallow earthquakes 
in Turkey and Iran recorded in selected azimuths are combined for 
travel time studies of SH-wave beyond angular distance of 40 degrees. 
The observed travel times along two profiles which sample deep mantle 
in the vicinity of Iceland and the Nort-h Pole show monotonically 
increasing differences beyond 65 degrees, indicating lateral hetero- 
geneity in the lower mantle.  The travel time difference becomes as 
large as 7 sec at 95 degrees, implying a variation as much as 0.06 
km/sec, or about 1%, in the shear wave velocity near 2500 km depth. 
Inversion of observations, adjusted to surface foci, results in an 
average lower mantle structure with lower shear velocities than those 
given by Jeffreys.  The difference exceeds 0.1 km/sec at the core 
boundary. 

The arrival time and signature of S waves recorded in Greenland 
show anomalous features which may be related to deep seated anomalous 
zones associated with Mid-Atlantic Ridge system. 

Helmberger, D. V., "Numerical Seismograms of Long Period Body Waves 
from 17 to 40°," Selsmol. Soc. America Bull., 63, 633-646, 1973. 

Long period wave propagation in the upper mantle is investigated by 
constructing synthetic seismograms for proposed models.  A model con- 
sisting of spherical layers is assumed.  Generalized ray theory and the 
Cagniard-deHoop method ie used to obtain the transient response.  Pre- 
liminary calculations on producing the phases P and PP by ray summaticn 
out to periods of 50 sec is demonstrated, and synthetic seismograms for 
the long period WWSS and LRSM instruments are constructed. 

Models containing prominent transition zones as well as smooth models 
predict a maximum in the P amplitude near 20°.  The LRSM synf.netics are 
quite similar for the various models since the instrument ie relatively 
narrow band, peaked at 20 sec.  The upper mantle appears smooth at wave- 
lengths greater than 200 km.  On the other hand, the WWSS synthetics are 
very exciting for models containing structure.  The triplicat ons are 
apparent and the various pulses contain different periods. 

Jhe amplitude of the P phase at 30° is down to about 25 percent of its 
20° maximum.  The amplitude of the PP phase at 35° is comparable to P. 

Near 35° the^PP phase grows rapidly reaching about twice the P phase ampli- 
tude near 40°.  Models containing sharp transition zones produce high fre- 
quency interferences at neighboring ranges.  A profile of observations is 
presented for comparison. 

.-....-■■ w. ^-J.. .._.  ^ .. _,.  „    .. .  -   .^       — . ^^_^         ■ ■ . .^^.—...   ■■..  ^ ■■   - ■-         .-..  ^-   ■■■-.-.■ ^.   .      -- „^j^^^^i^j^^^ji^^ 
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Mitchell, B. J., and D. V. Helmberger, "Shear Velocities at the Base 
of the Mantle from Observations of S and ScS," Jour. Geophys. Research 
28, 6009-6020, 1973. 

The observed amplitude ratios of transversely polarized shear waves, 
ScSH/SH, Include a minimum at a distance of about 68°.  Synthetic seis- 
mograms computed for a Jeffreys-Bullen model and for models with negative 
linear velocity gradients at the base of the mantle fall to explain this 
feature.  Various positive linear velocity gradients above the core-mantle 
boundary explain the amplitude ratio minimum as well as an apparent difference 
in arrival times of the transversely and radially polarized core reactions, 
ScS.  Good agreement between the observed and computed amplitude ratios 
cannot be achieved without assigning low Q values to the lower mantle or 
a suall shear velocity value to the outer core. 

At epicentral distances greater than 70°, a substantial portion of the 
energy recorded as a horizontally polarized ScS wave bottoms at various 
depths in the high velocity region rather than at the core-mantle interface. 
These precursory arrivals are in phase with the core reflections on the 
transverse component and out of phase with them on the radial component. 
This causes an apparent time differential by which the transversely polar- 
ized ScS wave seems to arrive slightly earlier than the radially polarized 
ScS wave. 

High velocity regions between 40 and 70 km thick, containing Increases 
from 0.3 to 0.5 km/sec above that of a Jeffreys velocity model yield the 
best explanatiua to the combined amplitude and differential time data. 
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Jordan, T. H., and D. L. Anderson, "Earth Structure from Fret Oscillations 
and Travel Times," RoyaJ Astron. Soc. "eophys. Jour., in press. 

An extensive set of reliable gross Earth data has been inverted to obtain 
a new estimate of the radial variations of seiimic velocities and density in 
the Earth.  The basic data set includes the observed mass and moment of inertia, 
the average periods of free oscillation (taken mainly from the Dziewonski- 
Gilbert study), and five new sets of clfferential travel-time data.  The 
differential travel-time data consists of the times of PcP-P and ScS-S, which 
contain information about mantle structure, and the times of ?'  -P*  and 

P'or^'pF' which are sensitive to core stricture. A simple butAreal?stic 
starting model was constructed using a number of physical assumptions, such 
as requiring the Adams-Williamson relation to hold in the lower mantle and 
core. The data were inverted using an iterative linear estimation algorithm. 
By using baseline-insensitive differential travel times and averaged eigen- 
periods, a considerable improvement in both the quality of the fit and the 
resolving power of the data set has been realized.  The spheroidal and toroidal 
data are fit on the average to 0.0A and 0.08 percent, respectively.  The final 
model, designated model Bl, also agrees with Raylelgh and Love wave phase and 
group velocity data. 

The ray-theoi etical travel times of P waves computed from n.odel Bl are 
about 0.8 seconds later than the 1968 S^ismologlcal Tables with residuals 
decreasing with distance, in agreement with Cleary and Hales (1968) and other 
recent studies.  The computed PcP, PKP, and PKiKP times are generally within 
0.5 seconds of the times obtained in recent studies.  The travel times of S 
computed from Bl are 5 to 10 seconds later than the Jetfreys-Bu.Men Tables 
in the distance range 3GC i;o 95° with residuals increasing with distance. 
These S times are in general agtecaent with the more recent data of Kogan 
(1960), Ibrahim and Nuttll (1967), Lehmann (1964), Cleary (1969), and Bolt 
et al. (1970). 

Model Bl is characterized by an upper mantle with a high, A.8 km/sec, 
Sn velocity and a normal, 3.33 gm/cm

3, density.  A low-velocity zone for 
S is required by the data, but a possible low-velocity zone for compressional 
waves cannot be resolved by the basic data set.  The upper mantle transition 
zone contains two first-order discontinuities at depths of 420 km and 671 
km.  Between these discontinuities the shear velocity decreases with depth. 
The radius of the core, fixed by PcP-P times and previous mode Inversions, 
is 3485 km, and the radius of the inner core - outer core boundary is 1215 
km.  There are no other first-order discontinuities in the core model.  The 
shear velocity in the inner core is about 3.5 km/sec. 

Gile, W. W., and R. A. Taylor, "Photon-Coupled Generator,"submitted to 
Electronic Design. 

Using a photon-electron conversion technique, a method has been developed 

L.-  ^ ■■..- ■ ■ . .-^^_    —---- —  —--■    - ■     ■       ■     -   — -   -...+ .■■     ' ■■ -- -  ■ -^-         -—■ -~ ' ^- ■-     — -.^i.—.-~.^- ^ ^..->-- MMMMI 
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to provide time mark identification on strip chart recorders, etc.  The 
procedures can simultaneous3y generate time marks from a single power 
source on several recorders with complete isolation from interaction. 

Wiggins, R. A., and D. V. Helmberger, "Synthetic Stismogram Computation 
by Expansion in Generalized Rays," submitted to Royal Astron. Soc. Gejphys. 
Jour. 

The exact formulation of generalized ray theory computations of syn- 
thetic seismograms for realistic earth models is relatively complex and 
expensive.  The expense can be reduced considerably by a proper organi- 
zation of the computational procedures. The expense is reduced far more 
dramatically by introducing an approximation of the transmission coefficients 
and a careful selection of the rays to be included  The incorporation of such 
procedures leads to programs which are economically feasible to use to aid in 
the interpretation of body waves and near source surface and leaky mode waves. 

- - -■ —-. 
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Abstracts of papers presented at meetings during this contract period 

Selsmological Society of America, 1973 Joint Annual Meeting, May 16-19 
Colorado School of Mines. Golden, Colorado 

Burdlck, L. J., and D. V. Helmberger, "Time Functions Appropriate for 
Deep Earthquakes." 

One Important feature of seismic dislocation theory is that it does not 
predict different corner frequencies for P and S waves.  There should be a   ' 
single time history of displacement on the fault which when corrected for 
directivity, earth structure, Q, and Instrument response, matches the actual 
observations of P and S.  The first two effects can be eliminated by choosing 
a small deep event with simple waveform on both the short and long period 
WWSS records. Applying the Q operator and Instrument response to an assumed 
time function we searched by trial and error until a match to the observations 
was obtained.  We found that a ramp dislocation function with a relatively 
high rise time of .4 sec fit the obferved periods of P and S for a magnitude 
5.5 event. Adding a small overshoot provided a still better fit to overall 
wave shape. 

Mellman, G. R., and D. V. Helmberger, "High Frequency Atttnuation by a Thin 
High Velocity Layer." 

Wave propagation has been studied using the method of Cagnlard and de Hoop 
in an elastic medium consisting of a thin high velocity layer overlying a i-w 
velocity zone.  It was found that diffraction effects are present, leading to 
high frequency attenuation in the geometric shadow zone. Attenuation is 
Increased as the thickness of the thin high velocity layer is Increased.  Com- 
parison of results obtained by omitting the high velocity layer but using an 
average Q operator show that effects of the high velocity layer are similar 
to Q effects, with the equivalent Q for a given layer thickness varying as a 
function of source-receiver distance. These attenuation effects are explained 
in terms of deformation of the Cagnlard contour. 

American Geophysical Union, Fifty-Fourth Annual Meeting, April 16-20 1973 
Washington, D.C. '    * 

Hart, R. S., "Lower Mantle S-Velocitles from Nuclear Explosions." 

A new technique has been employed in determining shear wave travel-times 
from nuclear explosions.  This method uses the theoretically determined wave- 
form to separate the true shear arrival from P-wave precursors. The dominant 

^MMMH 
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vail oil  botwoon pliiH  ono  ami  plna  ü • %  NOCOIKIH with   lospott   to  tho  .loffreys- 
Hullon   LrthloH  throughout   thr  dliiconro   iany,tv oxamlnoi'.     Thi»Hi<  m'w shoar  ilata 
ato   Interproted   it  tftn.,   ■'   a  IU-W S-voloiltv ttructurt'   tot   tin-   lower mantlo. 

Minster,   .1.   B.,   T.   .lordan.   V.   Molnai .   K.   Ilalaes,   "Numorlral   Mud«iilll|  >>l 
tlMtantaneous  Plate   Tecton.'es." 

A   so 11-rons Ist out   plato   toi'tonle  modo I   Is   const i iu-t od   I i im   I'n-   oh-u i vat Ions 
ol    rolallvo   V^locitlM   hotwot'n   platrs   at   |il.ilf  m.n^.liis   lliioii)',li   a   ByNtMMItlc 
Invoi ■ Ion  pi OCcdlll fl • 

Tho   tlata   Invi-itovl  ar»-  nioasui onu-at s   ol    I in-  m.iy'.n 11 u«los   (spi «Mil I nc   tatit.), 
.nnl   illiortlons   (trans'orm   lault   ot lt>iit at Ions   aiu!   slip   vci t oi s   ol   IMI I luiuaki-s) 
ol   ii-lallv»'  volocltv   voitors  lulwoon  plates.      Tho  ovoi ilot oi inliut!   ilnoaii/eil 
•yatMi ot   oiiuat Ions   relating  chMTIgOl   In   the  polo   positions   and   latrs  ol 
rotation   to   I list   order   changes   In   the   rolatlvo  vohultv   vocton   Is   Invortod 
hy   tho  maximum   likelihood  proeedute.     The  use  ol   Causslan  statistics   Is 
|ustit led.     Because we  use  a   linear   theory we  can  dotonnlno     tin-  unceitaint los 
in   tho  model   Induced  hv   small   errors   In   the  dutn,   and  also  study   the   iclatlve 
import ancen  of   the  data.     We  have  also   invited   the  a/, limit hs  t'l   ."i  volcanic 
ihalns,   distributed  over  nine   plati-s,   under   the   assumption   that    t hoy  wire 
caused  by   hot   spots   fixed   In   the  mantle.     With   the   exception  ol    Icoland, 
very  good   Ills were  obtained,   yielding,  a model   lor   plate  motions  ovoi   I ho 
mantle.      The  v.locitv  ol    tho  Pacific   plat«'  over     ho  ll.w.illan  hot   .-.pot    I oi 
this  n.odi'l   Is  H,'»  cm/v. 

Kanamoi 1 .   11,,   "Int oi prel at ion  ot   Noar-Fiold  St'lsmo^.iams 
r.iraiuol ITS." 

I n Til ins ol Km 11 

do lloop-llaskel I represent at loin» have boon usod to i.iliulalo synthotlc 
sol smo)', rams at short opli-ontral distances.  These synthetic so Ismoj'.i ams 
are compared with the observed lon^.-por lod st i oiij'.-niot Ion rocjuds to dolor- 
mlno various fault parameters such as the dislocation and tho dislocation 
velocity.  For most moderate-size Japanoso earthquakes including the I'M I 
Tottorf and the I'KH Fukul earthquakes, a dislocation velocity ol ')() cm/sec 
is obtained, while for the 1952 Kern bounty carthiuake,   dislocation velocity 
ol about .' to \  m/sec Is Huggested.  Since the particle Vsloeity Is ultimately 
related to the tectonic stress, tho above dlMorence suv.p.esls a slp.nll leant 
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difference In the stress level In the respective hypocentral regions.  For 
the 1933 Long Beach earthquake,the dislocation velocity Is est^.nated to be 
about 10 to 20 cm/sec.  This value is much lower than that fcr the Kern 
County earthquake, and is comparable to that for the 1966 Parkfield earth- 
quake.  This low dislocation velocity may be characteristic of strike-slip 
earthquakes 1. California. Since the tectonic stress presumably controls 
the high-frequency acceleration in the epicentral area, the determination 
of the dislocation velocity for various regions it-  important for estimating 
the possible maximum ground accelerations in the individual region. 

L.       —■   - --   -     -     -      - -     —     - - -■■..-■ ^^ 
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/U. TIME FUNCTIONS APPROr..IATE FOR DEEP EARTHQUAKES 

By L. J. Burdick & D. V. Helmberger 

ABSTRACT 

The seismic signatures of isolated body phases irom many deep 

focus earthquakes were analyzed in the time domain. Most shocks 

were found to be multiple events when examined in detail. The 

tijne history derived from P-waves for single events predict 

synthetic S-wave shapes that match the observations, indicating 

compatibility with shear dislocation theory.  Several other 

features of source funcions in the time domain have been brought 

to light. 

INTRODUCTION 

Recent studies on P- and S-spectra such as Hankt. and Wyss (1972), 

Wyss and Molnar, and Molnar et al.(1974) indicate tha«. on the average the 

spectral corner frenuency (Brune, 1970) of P-waves is significantly hi^lier 

than that of S-waves. Savage (1972) demonstrated that these results are 

incompatible with shear dislocation theory.  Since the Haskeil (196A) 

dislocation model has the advantage of being both logically straightforward 

and mathematically simple, it seems worthwhile to focus sharply on this 

discrepancy to be certain that it reflects a breakdown in the model. 

Accordingly, in this study, we have attempted to isolate in the time domain 

any differences between P- and S-sources beyond those predicted by shear 

dislocation theory to make sure such differences exist and, If they do, to 

understand why. 

Contribution No. 2453, Division of Geological and Planetary Sciences, 
California Institute of Technology, Pasadena, California 91109. 

. ........t. L.. .^„.... .,.. -             -    -.-.■...-- ■.->1^^.^^. ■^■. _^-^ _......-.-    ..-   ^    ,.   i ■iiiiiiii—»j ihiiiiii   MiiaaM^MM 
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2. 

The apeotral comer frequency studies have made use of three different 

types of observations:  local (Molnar et_ al., 1974), shallow teleseismic 

(Hanks & Wyss, 1972) and deep teleseismic (Molnar & Wyss, 1972).  The local 

high frequency events were recorded near the epicenter on horizontal 

instruments.  This recording geometry provides a natural prejudice ftgaiust 

P-waves.  In the case of shallow events, the spectra were severely contaal- 

nated by free surface effects (Helmberger, 1974) which casts some dcubt 

upon the results.  The results from the deep events were the most 

significant and the ones which we elected to reexamine in this study.  r.ut , 

in contrast to the previous study of deep events, we chose to coDiparc Che 

P- and S-sources in the time domain. 

Transforming a time series into the frequency domain for analysis doe« 

provide many computational advantages, but it also masks information about 

the sequence and duration of transient pulses. However, an analysis in the 

time domain preserves this information.  Therefore, a comparison of the 1'- 

and S-wave-forms should help to isolate on the record precisely when 

and how the S pulse departs from the shape predicted by shear dislocation 

theory. 

We have used a two-stage procedure in studying the P- and S-waves. 

First, we determined the far-field time history from digitized P-waves by 

deconvolution.  Next, we generated synthetic S-waves assuming the same 

time history for comparison with observations. We chose this course over 

the more obvious one of deconvolving to obtain the S-source and comparing 

with the P-source for these reasons.  Our technique permits direct 

comparison of calculated results with unprocessed data, and it permits us 
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to cixcumvent the large uncertainties associated with deconvolution.  That 

is, when a bandpass filter lik.e a seismic instrument is deconvolved from 

t signal such as the P-wave-form, the uncertain data well off the filter 

neak. is heavily emphasized.  But when the result is reconvolved with the 

filter in producing the synthetic S, the uncertain data is again 

deemphasized. 

OBSERVATIONS 

The data set consists of observati.onp of three deep events from three 

source regions.  The events were selected on the basis of their size, Lhe 

character of their wave-forms and their location relative to observiu;; 

stations.  The three earthquakes all have a body wave magnitude of roughly 

six.  At this size they are large enough to provide strong teleseisraic 

signals, but small enough to simplify the predir.cions of shear dislocation 

theory as will be explained later.  The wave-forms of both the P and the 

S were required to be well defined and impulsive in character, leaving no 

doubt as to the onset and termination of the phase.  Finally, the events 

had to occur at an epicentral distance of 50° to 80° from a small array of 

WWSS stations. Acting together, these three conditions served to severely 

limit the available data set.  An extensive search of the WWSS records 

was required to produce the three events used in this stud'".  The pertinent 

source information is given in Table 1 and the station data in Table 2. 

The S observations were rotated into SH and SV components and the 

better resolved of the two was selected for the study.  SH is ordinarily 

preferable since it contains no converted phases. However, since its 

radiation pattern is orthogonal to P, whenever the P-wave is strong and 

I [!■   Mill iMllI 
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4. 

clear, the S is primarily SV. Consequently, SV-waves were used for the 

Western Brazil and Fiji events and SH for only the Argent_.a event. 

CALCULATION OF SYNTHETICS 

Computation of a synthetic seismogram involves modeling the effects 

of rupture propagation, aftenuation, instrument response and earth 

structure on so.ae specified source time function.  In shear dislocation 

theory, the effects of rupture propagation can be modeled by convolving 

a boxcar function of duration 

At 
L /l   cos 6\ 

with the source time history.  L is the fault length, V  the rupture- 

velocity,  6 the angle between the rupture direction and the ray direction 

and (a,3)  is either the P- or S-velocity, depending on the respective 

wave type. Mikumo (1971) demonstrated empirically that the azimuthal 

variation of the rupture effect disappears for earthquakes of magnitude six 

or less.  If the azimuthal dependence vanishes, the wave type dependence 

also vanishes which implies that for the three events used in this study 

the P-source function and rupture effects should be identical with the S. 

This result of shear dislocation theory is the one which we tested hy 

computing synthetic S-waves from P-source functions.  Any significant 

difference between the observed and synthetic S-vaves should indicate 

* From this point forward, the term "source function" includes the rupture 
effect. 
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either a difference in P- and S-«ourcea beyond those predicted by theory 

or earth structure which has not been accounted for. 

Past work has shown that the Q operator for the earth is nearly 

independent of frequency (Attewell and Ramona, 1966).  The Fourier 

amplitude at some point along the ray path defined by x may be written 

as a function of frequency u and wave velocity c as 

A(w) - exp 

; 

The expression can be funner simplified by replacing    Q(x)    with a 

constant average    Q    and obtaining 

A(u)) ■ exp (-1) 
where T is the travel time (Carpenter, 1967).  The quantity T/Q is a 

near constant (Helmberger, 1973)a and was assumed in this study to be .55 

for P and 2.2 for S (Anderson et al., 1965).  The time domain pulses of 

the Q filters are shown on the right of Figure 1. 

T.^e pulse next to the filters is the delta function response of the 

WWSS long period Benioff.  The steady state response of the instrument 

and Q filter pulses have been tested by convoking them with infinite 

sinusoid of various frequencies.  The agreement with the expected Fourier 

amplitudes is most satisfactory. 

The earth structure correction for deep earthquakes such as these 

can be handled almost as simply as the rupture effect. The free surface 

■ '-  — _ 
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6. 

effects are negligible; the mantle structure effects bee ome 

negligible ii the observed rays bottom in the smooth lower mantle 

(Uelraberger, 1973) , which leaves only the structure near the receiver. 

It would be unreasonably tedious to attempt to model the structure near 

eviiry station which was used, but an approximation to the amplitudes and 

arrival times of all the important near-source reflected phases, except 

one, can be computed using the Haskell unilayered crust model and plan« 

wave theory.  The theory breaks down for the one case of SV coupled 11. 

since the ray parameter for this phase is rel^r.ively large. The I'L phase 

is extremely difficult to model using even more sophisticated techniques 

because it is highly sensitive to variations in crustal structure. 

Consequently, no attempt has been made to synthesize the PL phase. 

Fortunately, only one of the three earthquakes contained a possible PL 

arrival and it occurred late enough in the wave to be easily discriminaL^d 

from source information.  The delta function responses of the crust for P, 

SH and SV incident plane waves are shown on the left of Figure 2.  The 

system responses derived by performing a double convolution involving LIR- 

instrument, Q operator and crustal responses are displayed on the rij-jiL. 

DETERMINATION OF THE TIME FUNCTION 

The most obvious way to find the source function given the P 

observation and system response is to deconvolve, accordingly, for each 

of the three earthquakes, the P-system response was deconvolved from 

several high quality P observations. The resulting time functions were 

cross correlated and averaged at the time of peak correlation. The 

observing stations were chosen in tight patterns, so rhat if there was an 

- -.-^.^^—^^^-^-.^   -■-  .-,..■,.■■   .. L. „.^■.    .   ,.      .^...     _. -     ■   ■  -  ^.^^^^m^^^^^M^^^^A^^A^^^Jitm 
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7. 

azirauthally varying difference in the P- and S-sources,   it would be 

emphasized rathex than srooothed by the averaging.    The results are Bhouil 

in Figure 3.     The dotted standard deviation line gives some indication of 

the variation of the deconvolved pulses.     Th    riddle column gives  the 

integral of  the time function which should correspond to the average motion 

on the fault somewhat smoothed by rupture effects.    The right-hand column 

shows the Fourier transform of the source function in a frequency band 

appropriate for the sampling rate and signal length.    The three sources 

show significant variation in structure and,  as demonstrated most  clearly 

in the middle column,  they show a feature somewhat similar to an overshoot. 

RESULTS 

The deconvolution and averaging technique was tested by coavulvinfi 

the source functions with the P-system responses to reproduce  the i'-w.ive- 

forms.    The results on the left of Figures 4  and 5 indicate that we  have 

produced a satisfactory representation of  the P-source.    The synthetic S- 

waves on  the right of the figures were computed by convolving P-source 

with the S-system function.    For the Argentina and Fiji events there  is 

no significant difference between the observed and synthetic  S-waves.     The 

synthetic of the Western Brazil S does diverge from the observations,   but 

this may be linked to an SV coupled PL arrival.    The relatively high 

frequency pulse arrives roughly  ten seconds after onset.    This  is too 

large a time span for the fault  to be still radiating but does correspond 

to PL arrival  time.    Also note the wide variation in form over the 

compact station array.    This is again characteristic of the PL phase. 

i 
--■   -               -  ■-  -   - - m fggmmat 
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8. 

DISCUSSION 

The close agreement between th.e observed and synthetic S-vaves for 

the Argentine and Fiji events indicates that, for magnitude six earthqur.l.^.s 

at teleseismic distances, the P- and S-source functioas are nearly identical 

as predicted by the Haskell dislocation model. Contrastingly, the Wyss 

and Molnar (1972) study indicated a difference in the spectral corner of 

P and S for highly similar data. Providing that both analyses are correct, 

this indicates that the corner frequency difference is only weakly 

constrained by the original time domain data and raises the possibility 

of the difference being an artifact of the data processing. The 

occurrence of a strong PL phase in the Western Brazil S-wave demonstrates 

that even for deep earthquakes at ranges greater than 50°, earth 

structure can distort the wave-shape and the Fourier spectrum.  Any future 

studies of this type in either the frequency or time domain should be 

coupled with a careful examination of the seismograms to screen out data 

contaminated by not only PL, but PcP and ScS as well. 

As was noted, an important advantage of the time domain is that 

information about sequence and duration is preserved.  Th^t is, the time 

function of the Western Brazil quake in Figure 3 clearly indicates that 

there were two high frequency events.  This information is, however, not 

apparent from the amplitude spectrum. What is apparent is that the two 

peaks enhance the short periods relative to the long.  In a comer 

frequency study this would have the surprising effect of decreasing the 

estimated «-ource dimension.  A time domain study would permit the events 

to be analyzed separately yielding two sets of source parameters.  The 

difficulties associated with double sources may warrant some attention 

 - — —  
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9. 

since, of five deep earthquakes analyzed la thir, and a subsequent study, 

three have been shown to contain more than one avent. 

One other feature of the source function that merits some attention 

is the overshoot-like phenomenon.  It does not appear to be a spurious 

effect of the data processing for two reasons.  First, the feature does 

not appear when the same procedure Is used on shallow earthquakes; and 

second, the phenomenon Is directly observable in the phase pP.  It is 

not difficult to see that, if the time functions shown in Figure 3 were 

strongly filtered by propagating twice through the low Q layers at the 

earth's surface, the main peak would be more strongly affected than the 

backswing.  The pulse would have roughly equal area up and down swings. 

The Instrument response to such a pulse would have three swings instead ol 

two.  The bottom two traces of Figure 6 show synthetic pP arrivals frum 

the Western Brazil source. The overshoot was artlfically removed in the 

lower trace. The top two traces show observed pP phases. 

There are at least three possible explanations for the backswing. 

First, it may represent actual return motion on the fault. Burridge (1969) 

obtained a theoretical result for motion on a frictionless fault which 

did overshoot and return. He reasoned that in real earthquakes friction 

would prevent this from happening. Perhaps for deep events, there is 

melting on the fault which keeps friction from playing an important role. 

Second, the backswing may reflect motion on the surface between the down- 

going plate and the mantle. Fault plane studies have indicated that nioiiL 

deep shocks occur inside the plate. The mantle plate surface appears to 

allow relatively smooth motion. But this surface is still a plane of 

weakness which may interact with a rupture in the plate. A coupled set 

■ -■■- - - - -"— -        ■ ■■-" 
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10. 

ol motions like those shown in Figure 7 would explain the sense of motion 

of tne initial awing and the backswing for all thxee events.  Note that the 

long slow backswing is consistent with the mantle p1ate coupling being 

weak, in nature.  The third possible explanation is that the backswing is a 

volume source effect (Archambeau, 1968) and should not be Interpreted at 

all as motion on i fault surface. 

CONCLUSIONS 

As predicted by the Haskell shear dislocation theory, there ;irc no 

strongly resolved differences between P- and S-sources on long period 

seismograms for deep events of magnitude six.  This study has also shown 

that seismic sources should in many, if not most, instances be considered 

as sums of simpler events which may even have different fault planes. 

. .J^_^^^^_JJ—„       ii— — -    
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Table 1 

Location      Latitude      Longitude        Date Time Depth        MagniLuJc 

Argentina      27.4 S 63.3 W 

Fiji 21.1 S        179.2 W 

W.  Brazil 9.1 S 71.4 W 

1/17/67    1:7:54.3 590 km 5.5 

3/17/66    15:50:33.1    639 km 6.2 

3/11/65    1:39:3.1        593 km 6.2 

--J-"^ ^ - ■ •■ -        ■■-  - ■ ...■ - - 
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Table 2 

Event Observing Stations Distance 

66.3° 

Azimuth 

Argentina BLA 345° 

QXF 66.3° 337° 

JCT 67.3° 326° 

SCP 69.2° 348° 

AAM 71.9° 344° 

ALQ 74.2° 324° 

BEC 76.4° 3b«0 

Fiji BAG 69.8° 296° 

ANP 73.7° 305° 

HKC 78.0° 300° 

W.  Brazil un 51.3° 327. r 

ALQ 54.9° 324. J}" 

TUC 55.8° 319.5° 

RCD 60.3° 334.1° 

__ - -. .- — - ■■-   .- ■■ .. -J.. I    IT' -  '        — hM>,fc^,..Mfc^^. 
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FIGURE CAPTIONS 

Figure  1. Delta function response of the WWSS Long period Instrument 

and attenuation filters. 

Figure  2.  Delta function response for the crust and earth-instrument 

system. 

Figure  3.  Source functions deconvolved from averaged P-waves are displayed 

on the left.  The dislocation history across the fault produced 

by Integration are displayed in the middle column.  The 

corresponding amplitude spectra are given on the right. 

Figure  4. A comparison of the synthetic P and S waveforms with the 

observed signals. 

Figure 5. Same as Figure A. 

Figure  6. A comparison of the synthetic pP phases computed with and 

without overshoot (artificially removed) with the observed 

pP signals. 

Figure  7. A hypothetical set of planes along which a high frequency 

shock inside the plate might couple to a low frequency 

shock on the plate boundary. 

— — — --- - 
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WWSS   L. P Q   Filters 
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HASKELL 
CRUSTAL RESPONSES SYSTEM RESPONSES 
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Far Field /Source (t) dt 
Source Function 0 Fourier Transform of Source! 

Log   Frequency.   lAec 

f^iyurt 3 
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ARGENTINA 
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U .   Interpretation of Body and Raylelgh Wav?8 

from NTS to Tucson 

Charles A. Langston and Donald V. Helmberger 

ABSTRACT 

A linear array of eight Caltech portable broad-band seismograph tr P, - 

was net out from NTS to near Phoenix, Arizona, for the pre-annmmr.,! 

ground nuclear test, Oscuro, on September 21, 1972. Travel time and ... 

Information were used to find an average crustal model by calculating »yathel u 

srisnograms using the Cagniard-de Hoop method. Rayleigh waves from other nucl. . 

ov. us .it NTS, as recorded at the Tucson WWSS station, were examined as a control 

lur determining the structure of the top half of the crust. Group velocity 

curves were found and synthetic Rayleigh waves calculated for Tucson and 

Klngman (LRSM). The formations and characteristics of Pn, a reflected Pn, and 

the Pg phases are examined. Pg is demonstrated to be composed of the primary 

P reflection from the mantle and contains multip e arrivals of P-SV conversion«. 

Comparisons of synthetic and obaerved sei^mograms indicate a crustal thickness 

of 30 km with a Poisson's ratio of .23. The crust-mantle transition appears 

to be sharp jumping from 6.1 to 7.9 km/sec. The amplitude behavior of Pn 

shows little evidence of any lid structure. 

■ -  . . r ..   -  -    - ■ 
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Introduction 

In previous years determination of crustal structure through lofiR-raw 

refraction lines has been largely limited to the techniques of travel U,,. 

analysis and qualitative observations of amplitude information. Many crar.tal 

models found from these methods have been published and have been very .^.ni 

In determining the broad characteristics of the earth's crust „nd tvr.tonic 

development.  It was the hope of many investigators, however, that thu*» «tudl. 

could be checked by constru-tlug synthetic seismograms and comparln« thcoe 

with the observations.  In this way interpretations could be verified and 

further refinements made in the model. 

In this paper a refraction line from NTS running into »id-Arizona Is 

r-tudied. Previous refraction work by Diment, et al. (1961). was done along 

the same profile and serves both as a jtarting point In this study and as a 

supplement to our interpretations. 

Using the Cagniard-de Hoop method of calculating synthetic seismograms 

CHelmberp.er. 1968). synthetics were fitted to the observed refraction 

records in an effort to determine the crustal structure more accurately 

than previously done.  In addition. Rayleigh waves were examined from 

previous nuclear explosions at NTS as recorded at the WWSS station at Tucson 

along the same .ine. Dispersion curves for several intermediate explosions 

were obtained and two synthetic record, calculated using the Thompson-Ha.kell 

layer-matrix technique .. developed by Harkrlder (1964). These two technique« 

of using body wave, and Rayleigh wave, wara played agalnat each other in an 

effort to constrain the crustal modal. 

. ........ ^ ... ^  ..->■ .-. .--.—,■—,-■ -. —, —._J>^.^_..:.. ....^^ ■■..-..^    ....  .     ,   . ._ ...  ..  Maai^a—MM—lii 
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Another primary goal of this study is to examine and explain the function 

of the I'R phase.  The Cagniard-de Hoop method proved to be well suited for 

such interpretation. 

Data Reduction 

An array of eight Caltech portable seismograph trailers was set out along 

a southeast trending line from NTS to luke AFB, Arizona, for the preannounced 

umiernround nuclear test, Oscuro, which occurred on September 21, 1972 

(Figure 1). The line was in Che southeastern part of the Basin and Range 

province and follows regional topographic and structural trends. Previous 

n !- ' ''on work, by Diment, et al. (1961), has been done along the northeast 

half of the present line from NTS to Klngman, Arizona. 

Data from the blast is displayed in figures 2 and 3. Two distinct phases 

are seen, Pn and Pg, having apparent velocities of 7.9 and 6.1 km/sec, 

respectively. Also, there is a hint of another phase, designated Pn, coining 

in after Pn and before Pg for the three farthest stationa with an apparent 

velocity comparable to Pn. More will be said about these phases later. 

First order station corrections for elevation and geology were calculated 

by first consulting geologic and topographic maps. Using a datum of 700 

meters and assuming the crystalline rocks have a compressional velocity of 5.9 

kn/sec and sediments, 3.0 km/sec, travel time corrections were no greater than 

0.2 sec (Table 1). The data were read to accuracies of 0.2 sec for Pn and 

0.5 sec for Pg and Pn. The travel times wer« then fitted with a least-Squares 

line to find the apparent velocitiei. Ranges war« calculated by computer using 

- - ^-v.: .^■J-^_J^.^J^..J^.M^-..^1,J. ■   - ...... ^-.u.-..-.  _. —. „_J.._^^.^„.^. 1^^-. ,... ., ,. ._.   ._ - _. ., ^^^^.^.MmAMmJmt*—***- ..-L^^^». 
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the geographical coordinates of the source and receivers. Figure 4 shows 

the resulting travel time curves. 

Data Inversion 

it Lilly, the method of data inversion used in this paper is the 

lollowing.  Using the travel tines a simple layered earth model can be made 

provided the interpretations of the observed phases are correct. This serves 

as a starting model for the calculation of synthetic selsmograms. The 

amplitude behavior of the synthetics are examined and compared to the data 

and a further iteration performed on the model until a satisfactory match 

Is obtained. 

Body Waves 

Body wave synthetic selsmograms were computed by the Cagnlard-de Hoop 

notnod.  The object was to fit the first 10 to 25 seconds (the Pn and Pg 

phases) of the observations as closely as possible. 

The first problem encountered In calculating synthetics was finding a 

suitable source time function. In dealing with linear elastic wave theory 

the seismogram can be decomposed Into several parts as the following equation 

illustiates: 

SR(t) - M(t) * I(t) * S(t) 

V'hcre SR^ i9  the trace oi  the seismogram; M(t), the Impulse responHc of the 

layered earth structure; I(t), the Impulse response of the Instrument; S(L), 

. -■■ -         ■-■    -- ■ -—'        '  -  ■ - ■ ■-    ■ -—■ -   -'■- -—-— —-^-  .-^.^ ^^^t^im^. 
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the effective point source time function; and *, »-he convolution operator. 

S(t) was not known so the following approximate method was used. Wt suppose 

that a simple headwave acts as the time integral of the direct wave or 

jourr« history.  One can then take the Pn phase off the seismograrn, differentlaK' 

it, and obtain I(t) * S(t). This was done using station 5.  In the up\..r 

right-hand corner of Figure 2 the pulse used in all the body wave synthetic 

seismograrn calculations is displayed.  Included in the S(t) is the IntcracLion 

with the free surface auch as p? and any contributions from fine structure 

near the surface. We will assume that S(t) is invariant over the small ran^c 

in ray parameters considered. 

The first crustal model computed Wa8 Diment's et al. (1961) proposed «ode] 

(their Figure 8) as shown In Table 3.  Figure 5 shows the synthetic sc-1Mmugram«! 

obtained. The synthetics disagree with the observations mainly boesune ol 

the 8.1 km/sec layer which caused a large reflection to come in at the onset. 

The amplitude of this reflection (looking at stations 4 to 8) is comparable 

to the rest of the record. The third pulse in seismogram 8 starts with the 

reflection from the 6.15 - 7.81 km/sec Interface which is comparable In travel 

time to the Pg phase in the observation. Taking out the 8.1 km/sec layer 

produces synthetics which compare fairly good in relative amplitudes of both 

Pn and Pg but are off a few seconds In travel time because of the different 

velocities observed In this study. 

Before a better model was attempted, however, it was realized that this 

profile was deficient in resolving the structure of the upper half of the crust. 

Diment « al. (1961), found that for close-in distances to NTS the crust pre- 

dominately yielded velocities of 6.15 km/sec. Because this gave s localized 

 -■--'    -         ...--.. ^_        ..... .....■.- -.. 
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velocl'-v structure It was felt that It may not be applicable to the entire 

prof ill». To get an Idea of how the upper part of the crust acted, on the 

ivorap.e, Raylelgh waves from NTS events as recorded at the WWSS station at 

Tucson were analyzed. Tucson was Ideal since It lay on the same line as the 

profile. 

Raylelgh Waves 

Nine low-Intermediate events were examined (Table 2). A typical record 

Is displayed In the lower half of Figure 6. Group velocity curves for the 

nine events were determined by the peak-and-trough method. This assume« there 

is no group delay at the source, amall amplitude variations on the record 

and that the wave Is well dispersed. The assumption of small amplitude 

variations seems to be the weakest but will be tested by constructing a 

synthetic Raylelgh wave. 

Peaks and troughs were counted using the digitizer and plotted versus 

tiavel time. A cubic was fitted through each data set by least-squaros, 

analytically differentiated to find the period arrival-time curve, anu .:;. 

-".;:v fin calculated distance arrive at the group velocity dispersion curve. 

in.; curves for the nine events were nested together and an "average" curve 

drawn between the extremes. The accuracy of the final averaged curve lb taken 

to be the spread in the nested curves. Figure 7 shows the obtained dispersion 

curves. 

Inversion of the averaged curve was done by trial and error. Using the 

Thompson-llaskel layer matriee method as developed by Harkrlder (1964) dispersion 

curves were calculated from various models. The body wave data was used as a 

. .^   .    _   - —.   i  ■    - -  ■■--. .  _ -  --^-^~-~-*'- 
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constrain?- for the lower part of the crust since the Rayleigh waves wer.- only 

sampling appioximately the upper 20 km. An attempt was made to hold Pol «.son's 

ratio at 0.25 so that the shear velocity would determine the compresslonal 

velocity. The velocity constraints on the models, however, required that the 

shear velocity vary somewhat independently of the compresslonal velocity. Thlt 

ultimately produced • Poisfcöu'o catio of 0.23 for the main part of the crust 

in the final models. 

Models 

The models obtained are displayed in Table 3. Two models were found to 

fit the Rayleigh and body wave data equally well. Model A is most like Dlment 

o^ al.   (1961), model with the major differences being in velocity and overall 

U.kkiioss. The second and third layers of model B should be interpreted as an 

Increasing velocity gradient as seen by the Rayleigh waves and not a« dtscrrtc 

layering. 

The roost important aspect of these two models is that lower velocity 
>Oirt •#»■» O I t/^ 

materials in the upperAh»l* crust are thin and that the crust, largely, 

behave« like one 6.1 km/sec layer. Both models explain the data equally well 

and both are Just as plausible. If any preferred model is to be taken It 

should be model A Just because of its simplicity. 

Rayleigh Wavaa 

A Rayleigh wave synthetic aeismogram vaa calculated for the event Duroont 

■ 
.__.       -■ ■ 
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The time source function (Helmberger and Harkrlder, 1972) 

set) -15 r" 

was nsod, where the parameters C and 1 were found by trial and error to be 

0.7 ..nd 1.0 respectively. The fit (Figure 6) is remarkable considering the 

.•.^sumptions made in the analysis. Group arrivals are in complete agreement 

and relative amplitudes are good. The selsmograms of Figure 8 have not been 

normalIzrd to each other. 

As a test of the model closer to UTS the event Boxcar, as recorded .if tl.e 

I.RSN station KGAZ, Kingman, Arizona, was used.  Source parameters won ni>tuincd 

for this event by Helmberger and Harkrlder (1972). The synthetic obtained 

(Figure 8) is In good agreement with respect to group arrivals and relative 

amplitudes but had to be shifted four seconds back In time i:o line up with 

the objervatlon. This is a discrepancy of about 0.1 km/sec in overall group 

velocity and indicates that the crust may have slightly smaller Velocities 

in the northwest pottion of the profile. 

Body Waves 

Body wave synthetics were calculated for model B and are displayed In 

Figure 2. The travel times and relative amplitudes fit well and even u.;/. 

shapes are good in some cases. The observed records have not been norm..! 1 zed 

The synthetics are normalized with respect to maximum amplitude« attaine.l by 

earli. The good agreement of Pn waveshapes, «specially at station 5 is an 

•n.H..itloH that the assumption of I(t) *S(t) waa good in the calculations. 

   - -   -     —^^^^m^^^. ^^ 
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Discussion 

Through the examination of '.he amplitude behavior of the synthetics a few 

points '. ut the fine structure of the crust and propagation effects can be 

roaiio. 

Perhaps the most interesting and obvious point to be made from thcnc 

synthetics concerns the formation of the Pg phase. The calculated Pp, phase 

Includes the primary reflection from the Moho, as defined in this prolll.-, 

us the first arrival with the first crustal multiple arriving a few seconds 

afterward and contributing almost ao much energy. Also included are rays 

which traverse one leg as SV waves. The most important conversions arc those 

associated with the surface layer and contribute perhaps 10% of the energy In 

the calculated Pg phase. Obviously, at some stations, the synthetics do not 

match the observations in peak amplitudes. This deficiency is interpreted as 

a lack of including near surface (upper five kilometers) ringing effectr. or 

multiple rays which occur in the upper layers. This effect will be stronKly 

dependent on local geology and, hence, cannot L<J modeled adequately by the 

techniques used here. 

The crustal waveguide explanation as deduced by others, for example, Press 

and Gutenberg (1956) and Shurbet (1960), seems to be fundamentally correct. 

However, there is still a problem in determining Just what are rhe waveguide 

boundaries.  In this profile the entire crust behaves largely as one layer 

with compressional wave velocity 6.1 km/sec. The corresponding Pg phase 

observed here is slightly faster than the 5.9 km/sec apparent velocity more 

commonly observed due to having the waveguide composed of the Moho and free 

surface. Other crystal structures will change the character of the phase. 

M^MMMMMiBUMaaaiMMamel 
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.■i i' instance. In an area with an Intermediate layer, such as the so-called 

(Vnrad discontinuity, the Pg phase will be complicated through the interaction 

of the Molio and the Intermediate boundary. Another modeling study, similar 

to this one, for mid-continent crust would be needed to resolve the problem. 

As shown on Figure I  the relative amplitude behavior of Pn between 

observations and synthetics is remarkably good. This suggests that the upper 

mantle under the profile is free from any significant velocity gradients, 

both positive and negative. Synthetic models were run for gradients of 

approximately  0.02 sec" . The synthetics obtained were significantly different 

In amplitudes as compared with the observations. A positive gradient boosted 

up the amplitude of Pn to values approaching the size of Pg. The ncRatlv.- 

gradient had a less drastic effect but a significant variation in apparent 

travel time and wave shape was observed. The conclusion is, based on the 

data and synthetics, that any velocity gradients in the uppermost mantl* must 

be much less than  0.02 sec" , probably lower than  0.005 sec"1, and cannot 

be distinguished with these observations. 

i 

The Pn phase, as designated here, is emphasized to be only a possible 

[ritorprftation. This phase is a head wave associated with the first crustal 

multiple. Evidence for it is slight and can be seen in Figures 2 and 3. The 

strongest indication of its existence are the interference effect of Pn coming 

mtt .>f •;„• pK phase, which is clear in the final synthetics and suggestive in 

r .c observations (Figure 2), and the prominent arrival at station 8 (Figure 3). 

The lack of coherence of this low amplitude phase may nor be surprising 

considering that part of its path consists of a surface reflection where the 

local geology is very important. Reverberation near the receiver in the upper 

^■|        | .-^..■.^t..- ^.-..w .^^.^..     ■..^.     ,^.   ■--.■..■■....■„. .-.-.^  ... ,.   _,.■..■■.   .-  ---■  .,.^..;_ ...  i     i-   .p.^.--- ^.^^^^ ■..^.■.J.., .-.. 
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l.iyrs  for Pn may also be Important. 

Conclusions 

Two ivcrage crustal models are presented for a profile from NTS to 

Phoenix, Arizona, which differ somewhat from those given by Dlraent et^ a]. 

(1961).  It Is shown that a 8.1 km/sec layer 53 km from the surface docs not 

exist. The uppermost mantle has an average compresslonal velocity of 7.9 

km/sec and has no observable velocity gradients from the study of Pn 

amplitudes. The crust Is 30 to 32 km thick, depending on the model used, 

and acts largely as one 6.1 km/sec layer. The models presented differ in 

that one has an increasing velocity gradient from 5.5 to 6.1 km/sec over 

three kilometers at the top, whereas the other, which Is similar to Dlmrnt '.; 

£t al. (1961) preferred model, consists of one 31 km thick'«.l km/Hoc l.i;. 

A shear velocity profile obtained by Raylelgh wave analysis taken with 

the compresslonal wave profile yields a Polsson's ratio of approximately 

0.23 for the crust. 

Synthetic seismegrams were calculated for both Raylelgh waves and body 

waves and agree ve'.y well with the observations. Calculation of a Raylelgh 

wave synthetic for the Boxcar event for the northwest portion of the profile 

<:..! tt. . that the crust may have slower velocities, perhaps up to 0.1 

l.:i. >.cc less than those obtained over the entire profile. 

The Pg phase has been experimentally verified, along this profile, as 

conolstlng mostly of the primary reflection off Che Moho followed by crustal 

multiples. Ray« with one lag of SV energy alao contribute to Che phase. 

. .^MMilM ^^^M*BH I ■■      --    ■■- — ■ 
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The Pg phase In more complicated crustal structures will be more complicated 

due to the Increasing number of boundaries in the crustal waveguide. 

Wc thank David Harkrider for the use of his programs and advice.  This 

research was supported by the Advanced Research Projects Agency at the 

department of Defense and was monitored by the Air Force Office of 

Scientific Research under contracts FAA620-72-C-0078 and F44620-72-C-0083. 
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Station 
No. 

Name 

1. 
Corn 

Creek 

2 
Boulder 
City 

3 
Charlie's 

Mine 

4 Kingman 

5 
Seapy's 
Ranch 

6 
Gibson's 
Canyon 

7 Wlckenburg 

8 
Luke 
AFB 

Latitude        Longitude 

36026.32'  r.5'21.55' 

Distance 
from (km) 

source 

92.91 

Travel 
Elevation Time 

(meter)       Correction 

35058.71 lU'SO.AS' 162.1 

35,«2.27' 114*28.63' 207.3 

35*11.92' 114*02.41' 276.1 

34*46.38' 113*36.43' 337.9 

34*26.21' 113*06.84» 395.6 

33*59.46' 112*40.85' 458.6 

33*32.35' 112*20.48' 516.5 

890 

768 

713 

1140 

640 

658 

768 

335 

-.16 

-.12 

+ .18 

+ .11 

+ .19 

+ .]<) 

+ .17 

+ .02 

... ^^^-_ HAMMUiSlMIMaH -■    .---+-—t^Hi—IHlM^h*.  ■'   '■' - - ■ 
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Table 2 

NTS Events 

Harne Date Time Latitude Longitude A (NTS-TUC) ( 

0 , iiro 9/21/72 15:30:00.2 37.082^ 116.037oW 

Cluirtreusc 5/6/66 15:00:00.1 37.35° 116.32° 75/«. j 

Commodore 5/20/67 15:00:00.2 37.13° 116.06° 720.7 

Rmirbon 1/20/67 17:40:04.4 37.10° 116.00° 714.6 

Dtimont 5/19/66 13:56:28.1 37.ll0 116.C6° 719.1 

Duryea 4/14/66 14:13:43.1 37.24° 116.43° 752.4 

Bronze 7/23/65 17:00:00.0 37.10° 116.03° 716.4 

Buff 12/16/65 19:15:00.0 37.07° 116.03° 714.0 

IMlcdrivcr 6/2/66 15:30:00.1 37.23° 116.06° 728.8 

Curduroy 12/3/65 15:13:02.1 37.16° 116.05° 722.5 

Boxcar 4/26/68 37.29° 116.46° 293 to KCAZ 

-■J •--——"-■-■■   —- .       i       11 ii ig    i'MiHifciüaiWilüi 



IV-5A 

Table 3 

Model        Layer 
Thickness 

(km) 
P velocity 
(km/sec) 

S velocity* 
(km/sec) 

densltv* 
(gm/emJ) 

Dimcnt, 
S t ewa r t,        2 
Roller (1961) 
(taken from     3 
their 

1.7 

28.4 

24.4 

3.0 

6.15 

7.81 

1.7 

3.55 

4.5 

2.3 

2.8 

3.2 

1 if.ures)        4 

" 
8.1 4.7 3.3 

A             1 1.0 3.0 1.73 2.3 

31.0 6.1 3.6 2.8 

— 7.9 4.6 3.2 

B             1 l.fl 3.0 1.73 2.3 

1.0 5.5 3.3 2.5 

2.0 5.9 3.4 2.7 

25.5 6.1 3.6 2.8 

— 7.9 4.6 3.2 

*S velocicy and density used in calculations of synthetics not  given 

lr Di=.cnt et al. (1961). 

■ - - 
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Figure Captions 

1. Index map of the stations used In this study.  Open triangles show the 

loration of the trailer array; half-open triangle, combined location of 

trailer and an LRSM station; solid triangle, WWSSN station. 

2. Q observed and synthetic seismograms.  Left-hand portion displays 

obsirved vertical component of trailer array.  Right-hand side shows 

the final synthetics calculated from model B.  The waveform in the upper 

rir.M-hand corner is the I(t) * S(t) used in all the synthetic sclsmoj-.r 

i. .il.itlons. Travel time lines have been drawn in for the Pg, Pn, I'n' 

phases. Station numbers are to the left of each peismogram and relativi 

Pn amplitudes are to the right. 

3. Observed radial components. Dotted line shows Interpreted arrival of 

the Pn phase. 

4. Least-squares fit to Pn and Pg travel times. Dotted line for Pn' Is 

inferred. 

5. Synthetic seismograms calculated using the model given by Diment, Stewart 

and Rollins (1961) as displayed in Table 1. 

6. Observed and synthetic Rayleigh waves for the Tucson WWSSN station. 

Lower half shows a typical Rayleigh wave from events at NTS. Upper half 

is .i synthetic Rayleigh wave calculated using model B. The source 

parameters used are displayed in the upper right-hand corner. 

7. Nested group velocity dispersion curves obtained from events at NTS. 

Ö. Synthetic and observed Rayleigh waves from boxcar for KGAZ. Synthetic 

calculated from model B. Source parameters for the synthetic are 

displayed in the upper right. 
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V. Numerical Applications of the Expanding Spherical Rupture and 
the Unilateral Propagating Spherical Ruptuve in a Prestress 
Field of Pure Shear 

This section is Chapter VII of Jean-Bernard Minster's thesis (1974) 

titled "Elastodynamics of Failure in a Continuum." References and details 

cited in this section can be found in the thesis.  This thesis has been 

"•Emitted and successfully defended as partial fulfillment of the require- 

ments for the Degree of Doctor of Philosophy at the California Institute 

of Technology, Pasadena, California. 

Figure 2  is from this thesis and shows a simulation of an HL/M 

plot for a particular relaxation source. 
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Chapter VII 

NUMERICAL APPLICATIONS 

Introduction 

Theoretical work in an applied field such as geophysics is of 

limited help if one does not develop simultaneously a capability to 

translate mathematical expressions into numbers. We shall row present 

the computed radiation field for the spherical rupture ,ode. described 

in section IV-2. 

The most Important lesson which one can draw from these numerical 

applications is that even such a simple model depends on enough para- 

meters so as to be, in fact, quite complex.  A complete discussion of 

all of its aspects is thus a major undertaking in itself.  We shuJl 

focus in this chapter on the major features of the radiation field, 

which we shall discuss on the basis of selected examples. 

The far-field radiation will be analyzed first, and then some of 

near-field effects.  Starting from the simplest model of a symmetrically 

expanding sphere, we shall continue with a discussion of the effects of 

unilateral rupture propagation.  The azimuthal dependence of the 

radiation fields will be discussed as a function of frequency, both on 

the basis of selected amplitude spectra and of selected radiation 

patterns.  Phase spectra will be shown which further illustrate the 

complexity of the radiated fields and may revive the concept of the 

Z phenomenon.  Finally, for the sake of completeness, a  brief comparison 

with the observations will be given. 

We wish to rmphasize in this chapter the fact that there is a 
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de facto trade-off between model flexibility and convenience. Of course, 

the dilemma must be solved according to the quality of the data to be 

Interpreted. But In view of the complexity of this simple model, mere 

can be no doubt that an earthquake Is a very complicated phenomenon 

indeed, and we are probably still a long way from understanding it well. 

In order to fix the ideas we shall assume throughout Oils chapter 

that the stress field is pure shear, and such that It should generate a 

north-south vertical strike slip fault.  In the source coordinate 

system (see Chapter V) this corresponds to the condition 

We shall in fact specify the prestrain 

(o) 
e ■ e13  rather than the prestress. Furthermore, whenever the rupture 

propagates it is assumed to propagate towards the north. Azimuths are 

then measured from the northern direction, and take-off angles from 

the downward vertical (e.g.. Chapter V). The free-space radiation is 

computed in all cases, so that we are discussing source effects only. 

'I? ' ^ ■ ° ■ 4? ' ° 
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VU-1 Te far-fieJd amplitude spectra 

We already know from the discussion of Chapter IV that, at fixed 

rupture dimension, two essential parameters affect the shape of the far- 

field amplitude spectrum:  the rupture velocity V  controls the high 

frequency spectral shape, while the relaxation radius R  determines 
s 

the long-period behavior.  Let us start with the simplest case of a non- 

propagating, expanding spherical rupture of final radius R 
o 

i) Stationary rupture with equilateral growth 

In that case we know from the analytical solution that the 

radiation field Is pure quadrupole at all frequencies.  Figure VII-1-1 

shows the high frequency part of the displacement amplitude epectrum 

computed for a sequence of several rupture velocities.  The lowest 

rupture velocity Is .3 km/sec, which is very low, and the highest one is 

3.45 km/sec, which approaches the shear wave velocity, chosen at 

3.5 km/sec. The figure exhibits several noteworthy feature«. 

First of all, we note that the average slope of the spectra always 

tends to -3 at high frequencies.  However, this asymptotic behavior is 

only reached at very high frequency for the S-spectra when the rupture 

velocity approaches V  .  This confirms the analytical results of 

Chapter IV, and one can see quite clearly that the S-spectrum will have 

a slope of -2 when V
R 

= v8  • We should note that this effect becomes 

strong only when VR is greater than, say, 0.9 V  .  No such effect 

la observed for the P-spectrum, since V_ nevei: approacheH V  . R p 

On the othei. hand,   for low rupture velocities P- und S-spectra are 

affected in a similar fashion,     in fact,   it  is  clear from the  figure 

— -■-    ■      ■-        — -...-..... — —•        i-ltM-—t<MMIMl^MIIM 
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Figure VII-1-1.     Effect of  »rupture velocity on the displacement  «pectrum. 
Case of a stationary rupture with equilateral  growth. 
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that the dependence of the spectra on V  Is nonlinear. As the rupture 

velocity becomes slow, we note the development of an Intermediate 

frequency range, where the spectrum has approximately a s.lope of -1, 

before It steepens to -3 at higher frequencies.  There Is clearly no 

simple scaling law of these curves as a function of V  ; In fact, one 
K 

wonders whether a "comer frequency" may be usefully defined.  If f  Is 

such a corner frequency, then according to the results of section IV-5, 

we have 

■ m "■■ 2tf0 - I    ^r*"'   I   . (Vll-1-1) 

We may therefore compute the following values of f  , in hertz 

P- -spectrum S-spectrum 

V - 3. km/sec 
K 

1.6 1.1 

V - .3 km/sec 
K 

0.74 0.51 

It Is clear that  (VII-1-1)  yields the Intersection of the high 

frequency asymptote with the long-period level.  Should one Insist In 

defining a comer frequency In all cases, this Is a self-consistent way 

to do It.  However, It Is doubtful that such a concept Is very useful 

for low rupture velocities. 

Let us point out In passing that the frequency at which the 

spectrum reaches Its long-period asymptote apparently scaleP linearly 

■  ■ i.  ir ~ • -   ■ — - —  -   - - - ■ imm*a**nKmMW^*ammtkmm*tm*m 



V-70 

-352- 

wlth rupture velocity.  Unfortunately, this point la rather difficult to 

Pick on theoretical spectra (figure VII-1-1), let alone on observed 

spectra. 

Finally, we wish to comnent on the observational result that S- 

corner frequencies are lower than P-corner frequencies.  For various 

reasons discussed earlier, observed spectra are rather band-limited. 

Now, If the spectra of figure VII-1-1 were only given In the frequency 

band .5 cps to 10 cps, then we see that the average high frequency 

slope of the S-spectrum can easily be underestimated, and thus the 

corner frequency will be biased towards longer periods.  This bias Is 

not present for the P-spectrum, and therefore from band limited data, 

the difference between S- and P-corner frequencies will exhibit a 

tendency to be overestimated. 

Let us now turn to the long-period spectral behavior.  Figure 

VII-1-2 shows three P-wave spectra computed for R - 5 Itm, 20 km, and 

R8 - « .  If Ra Is unbounded, the long-period spectrum Is flat, as we 

also know from Chapter IV.  On the other hand, a finite value of R 
8 

loads to a peaked spectrum. However, even when R - 5 km, which Is 

two and a half source dimensions, the peak level Is very nearly equal 

to the "flat level." And a more acceptable value of ten source 

dimensions yields a spectrum which is quasi-flat over almost a decade 

in frequency. Of course, this only corroborates the findings of 

section IV-5 and we shall not repeat the discussion here. 

il) Propagating rupture, unilateral growth 

The model discussed HO far is adequate to model the tectonic 

.. - ^-.. .^^ ^- .— ..,.,. ..,.. .^■■-^-.. .^ . .- ........^ -.■■ -JJ.J^^..,^- . ■   - ..-.  - -. ■ - —      ■,-..-       ■- i IIIH  n ii   iri'i   ■ 11 intilrMHifcul I 
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releaae due to underground explosions. Let us now Investigate the case 

of a rupture growing unilaterally, since this is more appropriate to 

model an earthquake. 

Recall first that multipoles of higher degrees are excited in 

addition to the fundamental quadrupole, and that their effects are 

essentially felt at high frequencies.  Figure VII-1-3 shows how these 

multipoles of higher degree affect the spectra—in a particular 

direction.  The first impression is that this effect, although clearly 

noticeable, is not particularly large. However, under closer scrutiny, 

the figure reveals that the S-spectrum character has been radically 

changed by the additional multipoles.  Indeed, because of the rapid rate 

of growth chosen in this case (VR ■> .98 V8)  the quadrupole spectrum 

exhibits a high frequency slope of almost -2. However, Bince the 

rupture is unilateral, the radiation field must "see" a different 

prcnagation velocity in different directions.  In particular, the 

propagation rate in the direction indicated on the figure IJ certainly 

less than VR . This explains why the multipoles of higher degree 

steepen the spectrum at high frequency. When ten multipoles are taken 

into account, the slope is in fact -3. 

From the explanation given above, one expects this effect to be 

strongly dependent on azimuth; this is Indeed the case, and we shall see 

later that this effect is very strong for back azimuths for which the 

azimuth makes an obtuse angle with the direction of propagation.  As 

we pointed out in Chapter IV, o.ie should probably add a few more multi- 

poles (up to % =  15) in order to reach convergence.  However, the 

computation becomes then quite lengthy, and necessitates a more 

-■ ■ - m      i ■■ ii 
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efflcient algorithm than the one we used. Convergence problems are only 

critical at very high frequencies, and for azimuths close to 180°, and 

we shall slmply keep this In mind for the present discussion. 

According to the analysis of section IV-5, if one wishes to define 

a corner frequency in that case, one should simply replace R  by L 

in  (V1I-1-1)  .  This means that the corner frequency obtained at 

convergence should be about twice that obtained from the quadrupole only. 

Figure VII-1-3 seeres to agree with this result reasonably well. 

However, here again, one expects azlmuthal effects to be rather strong, 

and the concept of a comer frequency thereby loses some of its 

usefulness. 

The spectra scale with V  and R  much In the same way as we saw 
K      s 

earlier.  Figures VII-1-4 through VII-1-6 show a variety of possible 

spectral shapes obtained by varying these parameters.  This Is shown 

separately for P  , SV and SH spectra.  Note also that these 

figures correspond to an azimuth and a take-off angle of 30° each.  It 

seems at first glance that the spectral shape changes rapidly as a 

function of R  and V  .  However, we should point out that If 
S K 

R > 10L  , and if V  is greater than, say, V /3  , then the range 
S K 8 

of possible shapes Is somewhat reduced.  Nevertheless, there Is a 

definite dependence of the general far-field spectral shape on the 

rupture velocity and the relaxation radius.  The parameter V  controls 
K 

the high frequency side of the spectrum while R  controls the long- 
s 

period side.  Furthermore, unless one goes to small values of both R 

and V  , there is little Interference between these Da»-.*meters; in 

particular, the spectra are rather insensitive to either one at 

s 
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Intermedlate frequencies. 

Much ampler is  the scaling with rupture length,  as sho-.m on 

figure VII-1-7.    To simplify the matter we assume that    Rs    is  propor- 

tional  to    L    , which is an acceptable assumption.    The calculations 

are plainly in agreement with the  -esults of Chapter IV.    A change  in 

rupture  length simply results in a translation of the whole  f.r-field 

spectrum.     In  fact,   increasing    L    by  one order of magnitude  results  In 

an  increase  of the peak level by  three  orders of magnitude,  and  a 

shift by a decade in frequency towards   long periods.    Thus  the  points 

A.B.C are transformed into    A'B'C     .     For convenience,   the segment 

AA'  was graduated in terms of length.     The figure illustra.es several 

things.     First,  since  the average  high  frequency slope  of   the  spectra 

tends asymptotically to -3.   the scaling as a function    L    consists 

essentially in sliding the spectra along  their high frequency a.ymntoUs, 

This is  particularly true for the P-spectrum.    Now if we assume   that 

the body wave magnitude    ^    is closely  related to the P-wave  spectral 

amplitude at  1 cps, we may conclude  that,  at constant prestress,     ^ 

possesses an upper bound.     The    S-wave magnitude,  however,  could  be 

unbounded if    VR    approaches    Vs    since  the slope of the S-spectrum may 

be close  to -2  in that case.    Of course,   this .,ens the possibility  that 

efficient    SV to P conversion near the source-for examplet  at   the  free 

surface—could result in large measured values of    ni      .     Clear; y ., 

similar analysis  can be made  for the  surface wave magnitude    M 
s     * 

which may be related to the S-spectral amplitude at 0.05 ...M.     We »hoi] 

return  to  this question below. 

   ' -J  
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VII-2    The near-field amplitude spectra 

Discussion of the near-field spectra  Is somewhat  less Informative 

for several  reasons.    First of all, we are  evaluating here a very 

simple model,  and It  Is precisely In the near-field that  the details of 

the source mechanism should be felt the most  atrongly.     Thus near-field 

observations will depend very much on  the  fault geometry,   on the history 

of rupture,   on  the complexity of  the stress  field (e.g..  Hanks,   1973), 

and we do not   take any of  these  Into account.     Furthermore,   it   IK  also 

in   the near-field   that most of  the approximations made  in  Chapter   IV 

lose some of  their validit) .     However,  we can point out several 

Interesting general features which should hold independently of the 

particular model chosen. 

Since near-field effects are only  Important at long periods,  only 

the quadrupole  term contributes  to  the  radiation,  and there  IH   In 

that  case no convergence problem.     Lee  us  discuss  first  the- emmm of  an 

observer lying  Inside the relaxation  zone,   that   Is,   the case where    R 
8 

is  infinite. 

As we showed  in Chapter IV,   there Is  little point  in  talking about 

P- and S-waves  in  that case.     The reason  for  this Is clealy  Illustrated 

by  figure VII-2-1.     The spherical    (r,e,(|>)   components of  th'>  so-called 

P- and S- displacement spectra behave as w        at  long periods in  that 

case.     This   is obviously unphyslcal since  the  radiated energy would be 

unbounded  in that case.    On  the other hand,   the  total spectra—also 

shown on figure V1I-1-2 as    P+S—behave as    w        which  is what  should  be 

expected  for a net offset  in displacement.     This figure also shows  that 

only  the     r    component of   the P-wave,   and   the     0    and    ())    components  jf 

-          ■        --              '■ ....-         ..- - ■      -..-.-. ....... ..         -^        y^ggg^gf^ 
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th» S-wave-SV and SH reapectively-are the only components which survive 

at high frequency.    This means,  of course,   that   the high frequency 

radiation is far-field in nature,  and that no near-field effects are 

felt at such frequencies. 

Let us also  point out that near-field spectral observations can be 

quite complicated because of interference phenomena, which give a 

scalloped aspect   to the spectra.     In addition,   for example,   the    8    and 

<P    components of  the S-spectra exhibit a quasi-flat portion at  inter- 

mediate frequency,  while the    r    component,  which  is pure near-field,is 

monotonic   .     On the other hand,   one notices   that  the    0    and    * 

components of total  radiation are not flat bur  exhibit a broad peak. 

The shape  of  that  peak will,   of course,   be  Pzimuthali,  dependent  since 

the quadrupole pattern    for    P.     SV    and    SH    waves are different. 

Figure VII-2-2 focuses on the dependence of the near-field with 

hypocentral distance.    Only the radial component of the P-spectrum is 

shown,  but similar results obviously hold  for other component,   as well. 

Two cases are considered:  for a source length of 10 km.    Rs    is chosen 

successively at 100 km and at  infinity.     The most obvious effect  is 

that   the greater  the distance,   the longer  the period at which  the near- 

field  is observed.     This stems  from the fact  that  far-field  terms decay 

with distance as     r"1    , while near-field terms have a faster decay of 
-2 -3 -4 

'     r        and    r        •     It is  interesting to note that when    R      is 
8 

finite,   the far-field spectrum is of course peaked, but that  this peak 

practically disappears at short distances,   due  to the near-field 

radiation.    Of course,  inside the relaxation zone,  onl^   the case 

Rs = ">    is relevant. 
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Theae are the only aapects of the near-field radiation that we can 

usefully discuss here. More complete investigations must be undertaken 

on the basis of each particular event, by taking into account the 

details of faulting, the inhomogeneities in the vicinity in the source, 

etc.  Such Investigations have been undertaken, for example, by Hanks 

(1973) or Cherry, et al. (1973). 
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711-3 Azlmuthfll effects, radiation patterns 

The azlamthal dependence of the radiation fields was mentioned 

several times in the preceding discussion.  To be complete, a description 

of this dependence should include a presentation of the spectra at many 

azimuths and many take-off angles.  Similarly, three dimensional 

radiation patterns should be plotted on the focal sphere, using a 

contour representation on a stereographic projection.  This is well 

beyond the goals of the present discussion and we shall try and show, on 

the basis of selected examples, how complex the radiation field really 

is. 

i) Azimuthal dependence of the spectra 

Figure VII-3-1 shows two sets of  spectra computed for a 

propagating rupture, at the same distance, the same take-off angle, but 

at two complementary azimuths. The difference is striking. 

First of all. there is clearly more high frequency energy  .diated 

in the forward direction (azimuth 20°) than in the backward direction 

(azimuth 160c).  This is accompanied by a drastic change in the 

character of the spectra. The  spectra are Indeed smooth in the forward 

direction and very scalloped in the backward direction. This is  of 

course due to different interference phenomena. As we pointed out 

earlier, because the rupture is unilateral, the rupture velocity "seen" 

by the radiation field is greater in the forward direction than In the 

backward direction. This effect x« rather more pronounced for the S- 

spectra than for the P-spectra. which is to be expected since V  is 
K 

closer to V  than to V 
s p 

 - - -. - . .  M _ ^^■MiÜM^^MMMkMteAMI^Mfl^M 



-368- 

V-86 

I05rr 
SHF 

-sv- 

I04 =- 
= p 

Q. 
^  I03 

10 

10. 
0.01 

Azimu 
 Azimuth 

e   =5x10 
L   = lOkm 
Vp =6.0 km 
Vs =3.4«i 

VR = 3.0 km 

Distance IOC 
Take off angl 

1 

10 

Flgura VII-3-1.     Azimuthal dependence of displacement  spectra. 
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He should comment on the remark made earlier that the convergence 

of the multipolar expansion Is slower for back azimuths.    A total of 

ten multlpoles have been added to compute the spectra of figure VII-3-1. 

To check the convergence of the series, we compared the partial sum of 

five multlpoles with figure VII-3-1.    The result Is that convergence Is 

practically attained with only five terms at  the forward azimuth, while 

ten multlpoles  are not quite sufficient  In  the other case.     In fact, 

the details of the high-frequency spectra at azimuth 160° can be 

slightly modified by adding a few more multlpoles,  particularly 

for frequencies higher than 0.5 cps.    Our numerical experiments 

Indicate that the spectral levels shown on  this figure are a little too 

high, so that  the average slope will be  Increased by the additional 

terms. 

Figure VII-3-1 also Illustrates how the "comer frequency" may 

depend on azimuth.    No comment is needed except to emphasize once again 

that such a concept can only be used in a gross sense,  and that a 

suitable averaging over all directions should be performed In evaluating 

it. 

11)    Radiation patterns 

In order to better Illustrate  the azlmuthal dependence of  the 

radiated field,  we computed radiation patterns at periods of  20,   10,   5, 

and 2 seconds.     These radiation patterns   for    P,  SV,  and SH    waves were 

computed at constant take-off angle 30°,   for the same model as used In 

figure VII~3-1 for two rupture velocities.     They are given in figures 

VII-3-2 through VII-3-A.    In addition, because of the obvious symmetry 

   "-"—^^^-^»^-_^„M^^—>_^-^—.._.,      ^^^^.^^^y ^^„jt^.^^^.^^,^—^. 
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of the source,  only one half of the pati-em in given in each case.    The 

left-hand side of each figure corresponds to    V    - 3 km/sec    and the 
K 

right-hand side to V
R " 1 km/sec  . For completeness, both amplitude 

and phase are shown as a function of azimuth. 

The simplest patterns are obtained at long periods, where the 

radiation field is dominantly quadrupole in all cases, and where no 

effect of the rupture velocity can be noted.  We note, however, a 

alight alteration of these patterns at a period of ten seconds, and, by 

comparison with figure VII-3-1, this corresponds, of course, to a 

period where higher degree multipoles begin to be felt.  We see that the 

holes in the amplitude pattern are not as pronounced, the phase discon- 

tinuities not as sharp, and we also note a very slight distortion 

towards the direction of rupture propagation. 

At shorter periods, these effects are much more pronounced, and 

the patterns change very rapidly with frequency. At the same time, 

several phenomena take place:  it seems that the SH pattern at 5 seconds 

possesses a rather strong monopole component? while P and SV develop 

apparently dominant dipole components at the same period. We know that 

his cannot be the case since the solution used for the computation 

contains neither monopole nor dipole (see section IV-2).  It may thus 

clearly be misleading to try and deduce the multipolar content of a 

radiation field from observations at one frequency, and one take-off 

angle. The converse situation Is also true:  for instance, a dipole 

could be excited such as in the solution of auction IV-3, but its 

contribution could be negligible at some frequencies and certain 

directions (for instance, in the holes of the dipole spectrum). 

-  -             ~—.JM^M^—..^»^ 
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P-Wave 

VB= 3 0 km/sec       VB= I 0 km /sec 

T'20, 

VR= 3 0 km/sec   ||   VR» I 0 km/sec 

TMO sec 

i 
■w 

Figure VTI-3-2. P-wave radiation patterns at four perlodn, and for two 
rupture velocities. Only half-patterns are shown. Thi- solid line Is 
the amplitude pattern;  the broken line Is the [»Uane  p/ittrrn. 
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Figure VII-3-3.     Same as  figure VI1-3-2.     SV-wave. 
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SH-Wave 

VF(= 3 0 km/sec   j|   VR= I 0 km/sec VR= 3 0 km/sec ]|   VR=I 0 kr-i/sec 

Figure V1I-3-A.  Same as figure VI1-3-2.  SH-wave. 
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Note that the details of the SV and SH radiation patterns at two 

seconds and for low rupture velocity are probably not real, and would 

be altered by adding a few more multlpoles. 

In all cases we observe that more high frequency energy is 

radiated in the direction of rupture propagation than in the other 

direction, and that this effect is stronger for higher ruptuic velocity. 

All of the short period patterns are indeed distorted in a forward 

direction.  This was to be expected, and is consistent with similar 

results in electromagnetism (e.g.. Stratton. 1941). 

It is clear from these figures that the quadrupole is no longer 

dominant at high frequencies.  In fact, no multipole dominates.  It is 

fascinating to see that ten multlpoles, with individual patterns of 

great complexity, can add up to yield such simple results. This 

requires a very particular combination of their amplitudes and phases, 

which could be easily destroyed if an error is made in the calculation. 

We may thus consider this simplicity as an Indirect check of the correct- 

ness of our calculation. 

Finally, let us note that the loss of the quadrupolar character of 

the radiation field—at high frequencies—does not invalidate the deter- 

mination of focal mechanism from first motion data.  Indeed, the 

direction of first motions, which is a time domain concept, is essentially 

controlled by the very beginning of the rupture.  It cannot be associated 

in any way with the radiation pattern at any particular frc-qu.ncy. which 

depends on the whole tijne series.  In fact. In order to nirUv«. a 

theoretical time series from the spectrn given here, one musi k^ow the 

phase spectra as well.  This is the object of the next section. 

-----    - - -   -   
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VII—(> The phase spectra 

In order to eventually be able to retrieve time domain information 

from spectral results—in particular, to construct synthetic seismograms 

—one must know the phase spectra as well at the amplitude spectra. 

Because the phase is rather more sensitive than the amplitude to numeri- 

cal uncertainties, ve only tried in this preliminary investigation to 

study it for frequeicles lower than 1 cps.  We shall recall that 

convergence problems started to be important for higher frequencies 

(see figure VII-3-1). 

Although it is sufficient to know a phase angle modulo 2TT  , there 

are a number of advantages in "unwinding" the phase spectrum.  This is 

true in particular for purposes of interpolation, and also to study the 

slope of the phase spectrum as a function of frequency (group delay). 

We also confine ourselves to the far-field case since near-field effects 

may be evaluated analytically (see section IV-5). 

Figure VII-A-l shows the phase spectra for various displacanent 

components, computed at a hypocentral distance of 100 km, or ten source 

dimensions.  The immediate observation is that, even at such a short 

distance, the phase spectrum is overwhelmed by the propagation term— 

k r  .  The spectra are very linear, and show very little fine .structure 

(at east In that particular direction).  The figure als« «hows that an 

additional term is present In the spectra, which depends quite strongly 

on the rupture velocity VR  .  This is definitely a source effect, and 

it appears to be strong enough to be detectable in close range observa- 

tions. A slow rupture velocity yields a steeper phase spectrum, and 

thus implies a larger group delay at the source. 
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V-94 

L   =10 km 

Vp=6 0 km/sec 
Vs=3 46 km/sec 

VR=34 km/sec 

VR=I 0 km/sec 
Disfonce   100 km 

Take off angle   30' 
Azimuth   30° 

f 

Figure VII-A-1.  Far-field phase spectra computed at a distance of 
ten source dimensions, and for two rupture velocities. 
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When the propagation term -k r is removed (figure VII-4-2), one 

is left with the phase at the source.  This Is the Initial phase of an 

equivalent multipolar point source (see Chapter V).  This reduced phase 

spectrum is much more interesting, and yields Important information 

about the rupture phenomenon. 

First of all, the ini'.ial phase does not depend linearly on 

frequency.  This means that our source model is inherently dispersive. 

As discussed in section IV-5, one defines the group delay at nhe source 

by 

Since the steeper slopes in figure VII-4-2 occur at long periods, we 

deduce that long-period radiation is rather more delayed Lhan high 

frequency radiation.  This delay clearly increases with decreaHing 

rupture velocity, and it is not difficult to see that the long-period 

group delay is of the order of L/VR , the rupture duration.  This is 

quite consistent with the restlts of section IV-5.  Recall that we found 

the long-period delay to be 0.75 L/VR for a stationary source.  We have 

confirmed this result on the basis of numerical calculations not shown 

here. For propagating sources (figure VII-4-2) we see that the delay is 

closer co L/VR , and that it is slightly larger for S-waves than for 

P-waves at this particular azimuth. 

Just as wo predicted in Chapter IV, the group delay MiKhi low.ird« 

zero at high I requencies.  ThlH is Mpiclftlly clear lor M-WNWM 'md lor 

liigli rupLure volor ILU'H.  The Kfoup delay lor I'-waven doeM not mnverge 
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Figure VII-4-2.  Far-field phase spectra corrected back to equivalent 
point source.  Effects of rupture velocity. 
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to zero as rapidly, and this can be Intuitively explained by not ng that 

VR stays rather small compared to V  , even when it approaches V 
" s 

As a result, our source model is less dispersive for P-waves at low to 

intermediate frequencies than it is for S-waves.  Of course, one 

wonders whether this is azimuthally dependent.  Figure VII-4-3 shows 

Phase spectra (at the source) computed for three different azimuths, and 

at constant take-off angle.  It is Immediately obvious that, just as 

the amplitude spectra, the phase spectra become more complicated as 

back azimuths.  The portions marked with question marks correspond to 

frequency bands where the phase varies extremely rapidly with frequency. 

Each one of these bands is associated with a hole in the amplitude 

spectrum, while the regions where the phase varies smoothly with 

frequency are to be correlated  .th peaks of the amplitude (see e.g.. 

figure VII-3-1). When the phase varies rapidly, it can only be unwound 

by sampling it very densely.  Because our frequency sampling was not 

dense enough, each one of the Jumps shown in figure VII-4-3 is only 

known up to an undetermined number of full cycles (2TI)  .  Furthermore, 

since the holes in the amplitude spectra are due to destructive inter- 

ference phenomena, these frequency bands are precisely those for which 

numerical noise is critical.  On the other hand, and for exactly the 

same reason, little power Is radiated in the same frequency bands, so 

that spectral details in such bands are not essential. 

Outside the narrow frequency bands where the phase varies rapidly, 

one notices little azlmuthal dependence of the slope.  The strongest 

dependence is found for the P-wave. for which the group delay at the 

source is slightly smalhr at forward azlraulhs than at back ..zlmuths. 
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Figure VII-A-3.  Far-field phase spectra corrected back to equivalent 
point sjurce.  Azlmuthal dependence. 
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This ta consistent with the idea advanced earlier that the radiation 

field "sees" a slower rupture velocity at back azimuths.  Azimuthal 

effects seem to be smaller at long periods, which was also to be 

expected. 

The fact that P- and S-waves may have different group delays at 

the source is somewhat unsettling and deserves further discussion.  It 

seems to indicate that P- and S-waves should exhibit different apparent 

origin times.  This effect has been cabled the "Z" phenomenon.  The 

International Dictionary of Geophysics gives the following definition: 

"Z phenomenon:  It has been suggested that the main P and 

S waves may issue from some earthquake foci at times 

separated by the order of some seconds.  Such a separation 

is called the Z phenomenon, but it is now thought to be 

much less significant than formerly." 

Observational evidence for such a discrepancy in P and S apparent 

origin times is relatively abundant in the seismological literature prior 

to 1950.  For example, Jeffreys (1927) found that the linear travel time 

equations for the direct P- and S-waves from two British earthquakes had 

different constant terms by two or three seconds.  The S radiation 

appeared to have originated earlier than the P radiation.  Having 

observed this phenomenon in several other Instances, Jeffreys (1937) 

concluded that the two waves both originated from the rupture zone but 

at different times. Gutenberg and Richter (19A3) developed an explana- 

tion of the phenomenon first suggested by Reld (1918) and used later by 

Benloff (1938).  This explanation calls for a transsonic rupture 

velocity, that is, suzh  that v
8 

< VD < v  •  If thi8 l8 the ca8e» they 

 -       ■ - ■ —^     --  
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argue, the first arrival of the S-wave actually comes from the point on 

the fault which is closest to the observer, while the P-wave first 

arrival comes from the point of initial rupture, hence the discrepancy 

in origin times.  As pointed out by Bullen (1963), the cjncept fell into 

disuse and thus into obscurity after the work of Richter (1950).  Richter 

plotted P arrival tiiues against S-P times for several Southern California 

earthquakes and defined the origin time as the Intercept of this curve 

for S-P ■ 0  .  This method presents the advantage of yielding origin 

times independent of the velocity (at constant Polsson ratio), >>ut also 

the procedure will hide a hypothetical Z phenomenon by a shift of the 

origin time.  In fact, if the Z phenomenon really takes place, the 

origin times so obtained should be slightly too late, and thus the mean 

velocities deduced froa them slightly too high.  If one tries in turn to 

locate an etrthquake by using this high velocity, either the solution 

may be difficult to find, or the hypocentral depth will be too shallow. 

Figure VI1-4-2 shows that no transsonic rupture velocity IH required 

for the occurrence of the Z phenomenon. We have here a frequency 

dependent effect, but since we are only talking about arrival times, and 

since instrument responses are generally band-limited, this dependence 

may be neglected.  From figures VII-4-2 and VII-4-3, we see that In the 

case VR = 3.0 km/sec , V8 « 3.5 km/sec ,  the group delay for S-waves 

at 1 sec is practically negligible, while that for P-waves is of the 

order of two or three seconds.  This matches Jeffreys' (1927) observations 

very well.  Furthermore, this result Is only weakly dependent on azlmulh. 

Tlu' |)lien«Niicnon Is even more prunouiir«.>d fir low rupture vi-loc h ICM. 

Kor instunce, (or V - 1.0 km/sec, fUure VII-4-2 HIIIWH that ai .'>  «ps 

■■■- — - -      - - -■■ 
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the S delay is 6.5 sec while the P delay is 9.5 sec, a Z phenomenon of 

three seconds. 

To go even further ilong this line of discussion, one may wonder 

whether premonitory apparent changes In the V /V  ratio before 
P s 

earthquakes (e.g., Whitcomb and -thers , 1973) could not be partly 

Interpreted as a source effect.  In order to create an apparent decrease 

of that ratio, one o1 ly needs to assume that the failure mechanism of 

small events preceding larger ones changes—for example,  VD may increase 

so that S-P decreases.  Thus, the premonitory phenomenon would not be 

due to a wave propagation effect only, but also due to a change in the 

failure characteristics of the medium. The dilemma will be solved by 

obtaining conclusive data both from local and from teleselsmic events. 

Although this is the object of much current research, we feel that the 

question is still open at this time. This is a vast subject, full cf 

promising ramificationa, and this is not the proper place for an 

extensive discussion. 

Although it is probably too early to reach definitive conclusions, 

we suggest that the long forgotten Z phenomenon may have to be revived, 

- 
and that only careful observations will prove or disprove it.  Since it 

is rather difficult to retrieve the initial phase of the radiated fields 

with sufficient accuracy, we propose the following procedure:  seismic 

records could be filtered by narrow band causal filters, and the S-P 

times could be plotted against frequency for several events with 

neighboring foci.  ChangeH in group delays at Hie Hource I remi .v.-nt to 

event might be observed In thlH fashion.  Thin h-, nl eotiriw, >iiil))e<l to 

iraprovemeutH, und further theoretical and numerical work IH needed In 
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thÄt reapect. 

Before leaving the subject, we should point out that only the 

curvature of the phase spectrum, as well as the slope difference 

between S and P, are of Importance.  The linear trend present in the 

spectrum will only yield a net shift in the origin time, which is of 

course impossible to retrieve from observations of arrival times only. 
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VH-5 Evaluation of the model 

The examples given in the previous sections give a general idea of 

the radiation fields predicted by our model.  Let us now turn to an 

evaluation of how this mod si compares with observations, and with 

completely numerical models.  The present section does not do Justice 

either to the flexibility of ou model, or to the large body of observa- 

tions currently available (e.g., Tucker, et al. , 1973; Hanks, 1973).  But, 

then again, an extensive discussion would be too voluminous to Insert 

here. 

i)  Ma&nitude data 

As mentioned earlier, the spectral shape which our model predicts, 

and the scaling laws presented In this chapter permit us tu UIHCUHH tin- 

relatiounhip between the body-wave .aagnitude m,  and the surface-wave 

magnitude M  .  Of course, because magnitude scales have been 

empiirjcally defined from time domain observations (e.g., Richter, 1938), 

a quantitative comparison can only be made by computing synthetic seismo- 

grams and following the usual procedure to calculate magnitudes. 

However, by plotting the S-spectral amplitude at a period of 20 seconds 

against the P amplitude at one second as a function of source dimension, 

one obtains an idea of the character of the m. / 1  curve predicted by 

the model. A sketch of such plots is given on figure Vll-5-1, for three 

relaxation radii and three rupture velocities.  The axes are scaled so us 

to correspond to the source and medium parameters used in the prevlouu 

sections.  The distance was kept constant and equal to 100 km. 

■ - - _-_^_-_„     - ■ -■     ^- - - -   -- 
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The low magnitude part of the graph Is controlled by R  and the 

large magnitude part by the rupture velocity. The net result is that a 

band of possible observations is defined in the i^ - M  plane, which 

allows for much scatter in the data.  In addition, a change of the 

prestre^s yields a shift of the vhole graph along a direction inclined 

at 45° on the axes. Since there is an observational cut-off, we do not 

expect to observe the lower part of the curves.  Furthermore, we pointed 

out in Chapter IV that Rg may equal many source dimensions for small 

events so that the observations should cluster towards the upper limit of 

the zone defined in figure VII-5-1 for low magnitudes. 

The diagram predicts an upper bound for both BL  and M  , at 

fixed prestress.  In particular, the curves bend sharply upwards wli»n the 

bound on n^  is reached.  The bend occurs for a fault dimension between 

5 km and 10 km, depending on the rupcure velocity. This corresponds to 

a magnitude between 5 and 6.  Of course, an increase in the prestress 

would bring the points A.B.C to A'.B'.C  respectively, and this 

complicates the problem.  The latitude offered by the three parameters 

VR  *  Rs  '  and the Pre8tress level may account for the very large 

scatter of the observations (Evernden, 1973, personal communication). 

The character of these curves provides an explanation as to why no 

earthquake with local magnitude larger than 6 S has been observed in 

Southern California (Hanks, 1973, personal communication).  Furthermore, 

observations of a large number of events with widely differing locations 

and depths show that the n^^ diagram does indeed exhibit this 

character, in spite of the scatter (Evernden, 1973, personal connunica- 

tion). 

 _.     i tm^Mm^~M,mm. 
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Plgure VII-5-1 shows an upper bound for M  as well, which agrees 

with the observations since no earthquake with magnitude greater than 9 

has ever been recorded. However, when the rupture velocity equals the 

shear velocity, we saw earlier that ehe S-spectrum has a high frequency 

_2 
slope of u)   and thus M8 should be unbounded.  But it seems difficult 

to envision a rupture propagating for 700 km or 800 km at the shea» 

\elocity since this would require very high stress levels on a large 

regional scale. 

Let us again emphasize that spectral levels are not simply related 

to time domain amplitudes, so that we ohall confine ourselves here to 

this qualitative discussion. 

il)  Comparison with numerlr al models 

Cherry (1973) constructed a two dimensional fault model for 

which the rupture propagation is controlled by a failure criterion such 

as the one described in Chapter III.  A minimum of plastic work Is 

required before failure, and a dynamic friction is imposed on the rupture 

surface.  The radiation field la calculated by combining a finite 

element technique with a finite difference scheme for the time dependence. 

Figure VII-5-2 shows the near-field radiation obtained by Cherry at 

a particular station. The componento x and y are measured parallel and 

orthogonal to the fault line respectively. Also shown on the figure is 

the radiation spectrum calculated from our model, using the average 

rapture parameters obtained by Cherry.  The agreement is very good at 

high frequency.  In particular, both models predict an average slope of 

-3 
.  On the other hand, one observes a discrepancy at long periods. u 
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Figure VII-5-2.     Comparison of  spherical   rupture model  with  rcsulti 
from a  two-dimensional  mwrtcal   finite difference code. 
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The field is practically radial for both models, but we predict a smaller 

relative long-period amrlitude — by a factor of 4 

Recall however, that Cherry uses a two dimensional model, while we 

use a three dimensional one. and sine- the distance is about two rupture 

dimensions, the finiteness of the fault should not be neglected. 

Furtheimore,Cherry assumes a significant hydi^static pressure, whi^. we 

have a pure shear prestress;  it is also rather difficult to evaluate 

the effects due to different boundary conditions, both on the fault 

surface, and at large distances:  Cherry "Freezes" the fault when the 

relative velocity of the two lips vanishes—unless the shear stress 

exceeds the dynamic friction—and thus he may freeze the fauit la an 

"overshot" configuration . 

In spite of the extreme differences between the two models, the 

agreement shown on figure VII-5-2 is still excellent. The corner 

frequency chosen by Cherry (1973) at .3 cps is almost exactly that 

predicted by our model, and since the high frequency spectra are quite 

comparable, it is likely that the far-field spectra would also compare 

favorably. 

iil)  The Harris Ranch earthquake of 27 October 1969 

Figure VII-5-3 shows an example of spectral data compared with 

Cherry (1973, personal conmunication) overestimated his spectral 

levels by a factor ox 2TT .  Thus the two models can be better recon- 

ciled, since we must then scale our prestress to 160 bars, which is of 

the order of his static stress drop (\  110 bars) and his dynamic stress 

drop (% 250 bars). The long-period difference in  thus geometrical. 
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a  theoretical  spectrum.    The data were computed by Mc^villy and  Johnson 

(1973) .     This  Is  a dl.placement  amplitude  spectrum computed  for  the 

Harris Ranch earthquake of 27 October 1969.     This was a magnitude  4.6 

strik. -slip event on the San Andreas  fault system;   the focal Jepth was 

12.5 km;   the epicentral distance was 1.25 km;   the spectrum shown corres- 

ponds to the EW component,  and  the entire wave  train shown on  figure 

VII-5-4b was  used  to compute  it.     The  theoretical spectrum was  simply 

obtained by use of  the scaling laws  from one of  the cases computed 

earlier.    We see that a good fit   is obtained  for a rupture length of 

1.4 km.  a rupture velocity of 3.0  km/sec.  a prestress of 300 bars,  and 

a relaxation radius of about  10  fault  lengths.     The Interaction of  the 

incident wave with  the free surface was simply taken into account by 

doubling  the  free-space amplitude. 

Of course,  we are not capable of reproducing  the high  frequency 

details of the spectrum, which are most  likely due to surface  layering, 

and which  come  from the long coda    shown on  figure VII-5-4b.     However, 

tne general shape of the spectrum is matched  reasonably well.     It  is 

probable that the slightly high spectral amplitude predicted by  the model 

around 1  cps  could be corrected by using,   for example,  a slightly  lower 

rupture velocity.     The fit is go,d at  long periods,  and a finite  value 

of    Rs     is required to match the marked trough at 0.1 cps.    Note  that 

the very long-period slope of the observed spectrum is steeper  than    oT1  . 

which suggests  that  there is significant  contamination by iong-p.-rlod 

no 1 MO . 

Then.   IH  M do..'>L  tlmt   this   fll   could be  Improved by Mutn.hl.. 

manipulation of   the  fault parameters.     For instance,  one could  try a 
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Figure VII-5-3.  Comparison of observed spectrum from the Harris Ranch 
earthquake of 27 October 1969 with theoretical spectrum from the 
propagating spherical rupture model. 
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Rs = co 5 sec 

Rs=7.5 km 

10   sec h— (5) 

»•''—«/^--^.-v- 

Figure VI1-5-;. a) Wave forms computed for spherical rupture model 
with equilateral growth, b) Observed ground displacement from the 
Harris Ranch earthquake of 27 October 1969. 
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larger rupture dimension, conbi-ed with a smaller prestress. then a 

smaller value of Rs would be required.  But the results shown here are 

sufficient for our present purposes.  In particular, it seems that a 

finite value of R8 is required in order to match th.i long-period 

spectrum. The  trough seen at about 0.1 cps is also present on the NS 

j component 'McEvilly and Johnson, 1973).  This feature should be translated 

into a particular pulse shape in the time domain. 

Figure VII-S-A shows synthetic far-field pulses computed for a 

stationary spherical rupture of radius 750 m.  Vaen R  is infinite, the 

pulse is unipolar (e.g.. Molnar, et al., 1973).  This 1« no longer the 

case wh^e Rg  is finite.  It Is easy to compare qualitatively these 

pulse shapes with the selsmograms shown below them.  McEvilly and 

Johnson (1973) show thftt these records represent essentially the ground 

displacement except at very long periods (tilts).  It is clear that a 

finite value of R8 is suggested by the tim- domain data as well. 

The rather qualitative comparisons presented above are only 

preliminary results in an effort to systematically compare model and 

observations.  We should make note of the fact that Tucker and Brune 

(19/3) observed flat spectra for many aftershocks of the San Fernando 

earthquake, observed at close range.  Thus their data suggest that  R 
8 

should be very large compared with the fault dimensions for those events. 

Although any precise statement concerning the comparison of data and 

model would renaire a more complete study, we can nevertheless state 

that the results of this section are very encouraging. 
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